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ABSTRACT 
It is generally known that media containing simple sugars (sucrose, glucose) and organic 
nitrogen sources (ammonium) when buffered to acidic pH stimulates aflatoxin production in 
Aspergillus flavus & A. parasiticus while lactose, nitrate and an alkaline pH inhibit aflatoxin 
biosynthesis. It has been shown that pH of the growth medium is the most important 
regulatory factor for aflatoxin biosynthesis since media containing stimulatory carbon and/or 
nitrogen sources (sucrose and ammonia) do not enhance aflatoxin (or sterigmatocystin) 
production at alkaline pH. RNA interference (in A. flavus) of the pH regulatory transcription 
factor, PacC, resulted in aflatoxin production under acidic and alkaline pH conditions whilst 
wildtype Aspergillus flavus produced aflatoxins only under acidic conditions. This 
conclusively proved that PacC negatively regulates aflatoxin production at alkaline pH in A. 
flavus. However the exact mechanism involved in PacC repression of aflatoxin biosynthesis 
at alkaline pH still remains unknown.  
The AflR protein is essential for expression of several genes in the aflatoxin biosynthetic 
cluster. In the current study, sequence analysis of the aflR promoter indicated the presence of 
two putative PacC binding sites within the aflR promoter of A. flavus 3357WT located at 
positions -162 and -487 bp from the start codon. The presence of the PacC binding sites in the 
aflR promoter indicated a possible link between aflR expression and PacC regulation under 
alkaline conditions. Thus, in this study, it was hypothesized that at alkaline pH, PacC inhibits 
aflR expression by binding to one or both of the PacC binding sites within the aflR promoter. 
This in turn, would result in inhibition of aflatoxin biosynthesis since expression of several 
aflatoxin biosynthetic pathway genes is dependent on activation by AflR. 
The aim and objective of this study was to test the validity of this hypothesis i.e. that at 
alkaline pH PacC binds to one or both of its recognition sites within the aflR promoter 
thereby inhibiting aflR expression which subsequently would result in inhibition of aflatoxin 
biosynthesis. This was done by first mutating each individual and then both PacC binding 
sites in the A. flavus 3357 aflR promoter via Single-Joint PCR (SJ-PCR) and fusing the 
wildtype and each mutated aflR promoter to the Green Fluorescent Protein (gfp) gene and the 
trpC terminator to yield a functional expression vector. These constructs were then 
transformed into A. flavus 3357.5. Positive transformants were confirmed to express GFP by 
fluorescence microscopy and spectrofluorometry. Quantification of GFP protein levels of the 
various transformants in this study indicated that PacC negatively regulated aflR promoter 
activity at alkaline pH. 
ix 
RT-qPCR was performed on positive transformants after growth on SLS medium at 
acidic and alkaline pH to determine if PacC negatively regulated aflR promoter activity at 
alkaline pH and to determine whether PacC binds preferentially to one or both recognition 
sites within the aflR promoter. RT-qPCR analysis suggest that PacC binds non-preferentially 
to both recognition sites within the aflR promoter on sucrose and lactose media at alkaline 
pH, although mutation of PacC binding site 2 results in a slightly higher expression compared 
to mutation of PacC binding site 1. Increasing the concentration of an aflatoxin conducive 
nitrogen source stimulated aflR promoter activity but this was not sufficient to overcome 
negative regulation by PacC. It is generally known that repression of aflR expression results 
in repression of aflatoxin biosynthesis irrespective of pH. The results of this study strongly 
suggest that PacC negatively regulates aflR promoter activity at alkaline pH by binding to one 
or both PacC recognition sites within the aflR promoter. Since aflR promoter activity is 
repressed by PacC at alkaline pH, this substantiates the hypothesis that PacC represses 
aflatoxin biosynthesis by inhibiting expression of aflR. 
Furthermore, the results of this study indicated that there may be some PacC protein 
present in the active form at acidic pH irrespective of the carbon source and nitrogen source 
used in the growth medium. RT-qPCR analysis indicated that any active PacC present at 
acidic pH may cause repression of the aflR promoter based on the position of the PacC 
binding site relative to the aflR start codon, although it appears that PacC may have a higher 
affinity for PacC binding site 2 (which is closer to the aflR start codon). 
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CHAPTER 1 
 
INTRODUCTION AND LITERATURE REVIEW 
 
 1.1 INTRODUCTION 
The genus Aspergillus consists of over 185 environmentally ubiquitous species found 
principally in soils and decaying vegetation. Additionally a large number of species are 
pathogens of agricultural plants, particularly cereals, grains, maize and nuts (Pitt and 
Hocking, 1985; Diener et al, 1987; Flaherty and Payne, 1997; Moreno and Kang, 1999). Over 
20 species have been reported as causative agents of opportunistic infections in humans (Yu 
et al, 1996). A number of Aspergillus species produce mycotoxins of which the major ones 
are ochratoxin, sterigmatocystin, and aflatoxins (Bhatnagar et al, 2003). The most common 
isolates, Aspergillus parasiticus, A. flavus and A. fumigatus, are known to produce aflatoxins 
and A. nidulans is known to produce sterigmatocystin (Yu et al, 1996). The most common 
species infecting humans is A. fumigatus, the causative agent of aspergillosis (Hedayati et al, 
2007). Recent data shows that Aspergillus flavus is the second leading cause of invasive 
aspergillosis in humans (Hedayati et al, 2007; Horn 2009). Furthermore, A. flavus is the most 
common cause of aspergillosis of the skin, subcutaneous mucosa and oral tissues (Horn 
2009). 
Many microorganisms and particularly fungi are able to grow over an extensive pH range 
and thus probably have pH homeostatic mechanisms to limit intracellular pH variation. 
However molecules bordering or beyond the cell’s permeability barrier will only be protected 
from extremes of pH if they are synthesised at the appropriate pH (van den Hombergh et al, 
1996). Expression of genes coding for secreted enzymes and exported metabolites are also 
influenced by pH and must therefore be expressed at the appropriate pH (Penalva and Arst, 
2002).  
In Aspergillus species and several other fungi, pH regulation is mediated by seven genes 
viz. palA, palB, palC, palF, palH, palI and the global pH regulatory gene, pacC (MacAbe et 
al, 1996; Negrete-Urtasun et al, 1999; Denison, 2000; Penalva & Arst, 2002). The products 
of the pal genes appear to form the signalling component of the pH signal transduction 
pathway, leading to activation of the pH-regulatory gene pacC via proteolytic cleavage 
(Espeso and Penalva, 1996). The activated form of the PacC protein activates genes that are 
required at alkaline pH e.g. genes coding for alkaline phosphatases and represses certain 
genes that are functional at acidic pH e.g. genes encoding acid phosphatases (Negrete-
Urtasun et al, 1999). PacC (and its homologues) also usually positively regulate genes 
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involved in penicillin biosynthesis in A. nidulans (e.g. the isopenicillin N synthase gene, 
ipnA; Penalva and Arst, 2002). It is known that aflatoxin production is favoured under acidic 
conditions and repressed under alkaline conditions (Keller et al, 1997; Penalva and Arst, 
2002; Bhatnagar et al; 2003). It has been previously hypothesised that PacC may negatively 
regulate aflatoxin biosynthesis in several species of Aspergillus (Keller et al, 1997). Silencing 
of the pacC gene via RNA Interference verified this hypothesis (Suleman, 2007). Numerous 
studies have been conducted to determine the mechanism by which PacC regulates 
expression of different genes in response to pH (Espeso et al, 1993; Tilburn et al, 1995; 
Espeso and Penalva, 1996; MacAbe et al, 1996; Espeso et al, 1997; Negrete-Urtasun et al, 
1999; Espeso and Arst, 2000; Denison, 2000 Diez et al, 2002 and Penalva and Arst, 2002; 
2003). 
 
1.2 AFLATOXIN BIOSYNTHESIS 
Aflatoxins belong to a group of polyketide-derived furanocoumarins with at least 16 
structurally related variants (Yu et al, 2002; Yu et al, 2004), and four major derivatives viz. 
aflatoxins B1, B2, G1 and G2 (Bhatnagar et al, 2003). Aflatoxins are colourless, tasteless and 
odourless, making their detection in foods difficult (Moreno and Kang, 1999). Aflatoxins are 
of great medical significance because they have been identified as strong carcinogenic and 
mutagenic fungal secondary metabolites primarily causing liver cancer, throat cancer and 
possible death in affected individuals (Moreno and Kang, 1999; Yu et al, 2002; Bhatnagar et 
al; 2003).  
Aflatoxin B1 (AFB1) is produced by most Aspergillus species and is the most potent 
naturally occurring carcinogen. AFB1 contamination occurs widely in certain food sources 
e.g. maize and peanuts. The Food and Agriculture Organization (FAO) estimated that 25% of 
the world’s food crops are affected by aflatoxins (Moreno and Kang, 1999). Aflatoxin 
associated losses to livestock and poultry producers include death and more subtle effects, 
such as immune suppression and reduced growth rates (Moreno and Kang, 1999). Direct 
economic losses due to aflatoxin contamination of crops are estimated by the FDA (USA) to 
be at least a billion dollars annually (Bhatnagar et al, 2006). Factors such as temperature, 
nitrogen, carbon source and pH are known to affect aflatoxin production in A. flavus. 
 
1.2.1 Aflatoxin Biosynthetic Pathway 
Attempts to determine the aflatoxin biosynthetic pathway began with the discovery of the 
structure of these toxins (Yu et al, 2002). It has been shown that the 25 identified genes 
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involved in aflatoxin biosynthesis are clustered within a 70 kb DNA region in the 
chromosome, corresponding to an average gene length of 2.8 kb (Bhatnagar et al, 2003; Yu et 
al, 2004). The entire aflatoxin biosynthetic pathway gene cluster has been sequenced for A. 
parasiticus and A. flavus (GenBank nucleotide sequence accession numbers AY371490 and 
AY510453 respectively, Ehrlich et al, 2004; Yu et al, 2004).   
Generally, aflatoxin biosynthetic pathway genes have been named according to the 
substrate converted by the gene product, their enzymatic functions, or according to their roles 
in regulation of aflatoxin biosynthesis (Yu et al, 2004). A new naming system was proposed 
by Yu et al (2004) for naming aflatoxin biosynthetic pathway genes in the interests of 
consistency and uniformity.  
The currently accepted scheme (Figure 1.1) for aflatoxin B1 biosynthesis is: Acetate 
building blocks → Anthrone – derivative polyketide → Norsolorinic acid (NOR) → 
averantin (AVN) → hydroxyaverantin (HAVN) → averufin (AVF) → hydroxyversicolorine 
(HVN) → versiconal hemiacetal acetate (VHA) → versiconal (VAL) → versicolorin B 
(VERB) → versicolorin A (VERA) → demethyl-sterigmatocystin (DMST) → 
sterigmatocystin (ST) → O-methylsterigmatocystin  (OMST) → AFB1 (Yu et al, 2004). 
 
1.2.2 Regulation of Aflatoxin Biosynthesis 
Aflatoxin production by toxigenic Aspergillus species is affected by environmental and 
nutritional factors such as temperature, pH, carbon and nitrogen source, stress factors, lipids, 
and certain metal salts e.g. Ca2+ (Chang et al, 1995; Chang et al, 1996; Payne et al, 1998; Yu 
et al, 2002). Although numerous studies have been conducted, the molecular mechanisms 
controlling these effects are still largely unclear. Some of these factors may affect expression 
of genes in the aflatoxin pathway, expression of the aflatoxin regulatory gene, aflR, or 
structural genes, possibly in response to environmental and nutritional signals via globally 
acting transcription factors (Yu et al, 2002). Aflatoxin accumulation may be affected by 
nutritional and environmental factors due to alteration of the activity of one or more enzymes 
involved in aflatoxin biosynthesis (Yu et al, 2002). Of the 25 characterised genes involved in 
aflatoxin (and sterigmatocystin) biosynthesis, only one, aflR, encodes a transcription factor 
(Wolushuk et al, 1994; Chang et al, 1995; Yu et al, 1996; Chang et al, 1999; Erhlich et al, 
1999a; Bhatnagar et al, 2003). Accumulation of aflatoxin biosynthetic gene transcripts is  
prevented by disruption of aflR (Yu et al, 2002); however introduction of an additional copy 
of aflR in Aspergillus parasiticus causes overproduction of aflatoxin biosynthetic 
intermediates (Chang et al, 1995; Yu et al, 2002).  
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Figure 1.1: Clustered genes and the aflatoxin biosynthetic pathway in A. flavus (Yu et al, 2004).  
(A) Enzymes involved in aflatoxin biosynthesis. (B) The generally accepted pathway for aflatoxin and 
sterigmatocystin biosynthesis. Vertical line = 82 kb aflatoxin biosynthetic pathway gene cluster and sugar 
utilisation cluster. New gene names and the old gene names are given on the left and right of the vertical line 
respectively. Arrows along the vertical line indicate direction of transcription and the ruler at the far left 
indicates the relative sizes of the genes (kb). A. nidulans sterigmatocystin biosynthetic pathway genes are shown 
on the right of panel B.  
  
A B 
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Over-expression of aflR in A. flavus and A. parasiticus up-regulates aflatoxin pathway 
gene transcription and aflatoxin accumulation (Bhatnagar et al, 2003). Ehrlich et al (1999b) 
showed that aflatoxin biosynthesis and AflR binding to aflatoxin biosynthetic genes occurred 
in aflatoxin inducing media (Glucose Mineral Salts) but did not occur in aflatoxin 
suppressing media (Peptone Mineral Salts) indicating that AflR binding correlates with 
aflatoxin biosynthesis.  
 
1.2.3  Characterisation and Role of aflR in Expression of Aflatoxin Biosynthetic 
Pathway Genes 
The AflR protein, encoded by aflR, consists of 444 amino acids with a cysteine-rich motif 
near its N-terminus, which is homologous to Cys6-Zn2 domains of other fungal and yeast 
GAL4-type transcription factors involved in the regulation of many catabolic pathways 
(Burger et al, 1991; Woloshuk et al, 1994; Todd et al, 1998; Liu and Chu, 1998; Bhatnagar et 
al, 2003). DNA-binding proteins which have Zn2Cys6 domains are important positively 
acting regulatory factors necessary for expression of multiple genes in a cluster (Ehrlich et al, 
1999b). 
 AflR from both A. nidulans and A. parasiticus binds to the palindromic sequence 5'-
TCGN5CGA-3'. Based on enzyme mobility shift assays (EMSA), A. parasiticus AflR binds 
to the 5'-TCGN5CGA-3' motif in the promoter regions of 11 aflatoxin biosynthesis pathway 
genes in A. parasiticus. Some of these genes have more than one AflR binding site as in the 
case of the aflC promoter. However when either of the two AflR binding sites in the aflC 
promoter were individually mutated, expression was reduced more than 100-fold indicating 
that both AflR binding sites are critical to gene expression (Bhatnagar et al, 2003). In the 
promoter region of aflG of the two possible AflR-binding sites, only mutation of the site 
closest to the transcription start site affected expression, indicating that this site is essential 
for AflR binding to initiate transcription (Bhatnagar et al, 2003). Footprinting analysis has 
shown that AflR protects a region 4-5bp upstream of the recognition motif, and that the 
preferred binding is to sequences with 5'-TCGG/CNNNC/GCGR-3'. The amino acids most 
likely to make contact with the DNA in the zinc-binding domain of A. nidulans AflR, (amino 
acids 32-37) are functionally identical to those in the zinc finger domain of A. parasiticus 
AflR (amino acids 33–38). In addition, the linker domains of the two types of AflR possess 
the same number and distribution of Lysine and Arginine residues, which are critical for 
sequence specific interactions. Thus, the two proteins are able to recognize the same 
sequence although their homology in this region is only 70%. By analogy to most Gal4-type 
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proteins that bind to a partially palindromic site, AflR probably binds to its recognition site as 
a dimer (Bhatnagar et al, 2003). 
aflR and aflS are divergently transcribed from an intergenic region of 758bp that is 
located between the two genes (Bhatnagar et al, 2003). Ehrlich et al (1999a) analysed 
promoter function of aflR by using both the complete 758 bp intergenic region and 
fragmented forms of the promoter to control expression of uidA (encoding the E. coli β-
glucuronidase [GUS]). They found that deletions in the promoter from -758 bp to -280 bp had 
no perceptible effect on promoter activity, but additional deletions from – 280 bp to -118 bp 
enhanced uidA  expression almost 5-fold, implying the possible presence of a negative 
regulatory element in this region (Figure 1.2, Ehrlich et al, 1999a). Additional deletions from 
-118 bp to -100 bp nearly abolished GUS gene expression, while deletion from -118 to -107 
bp resulted in a 67% decrease in GUS activity (Ehrlich et al, 1999a), leading to their 
hypothesis that the 18 bp region, from -100 bp to -118 bp is critical for aflR promoter 
activity. Furthermore EMSA analysis carried out by Ehrlich et al (1999a) on the region from 
-81 bp to -173 bp revealed the presence of a putative PacC-binding site (5'-GCCARG-3'). The 
presence of the PacC binding site within this region of the aflR promoter correlates with its 
(PacC) function in repression of acid-expressed genes under alkaline conditions, since 
aflatoxin biosynthesis is inhibited at alkaline pH (Cotty, 1988; Keller et al, 1997; Bhatnagar 
et al, 2003). It is probable that PacC binds to the -148/-173 site, thus preventing aflR 
expression; however this has not yet been proven.  
aflS (formerly aflJ), encoding AlfS, is divergently transcribed from the aflR promoter and 
has no known sequence homologies with proteins in yeast or fungal databases, but aflS may 
function as a transcriptional enhancer of aflR (Bhatnagar et al, 2003). Disruption analysis of 
aflS by Meyers et al (1998) in A. flavus resulted in failure to produce any aflatoxin pathway 
metabolites even though transcripts for many of the aflatoxin pathway genes are still made, 
suggesting that AflS does not affect AflR activity. It has also been found by Chang et al 
(2000) that AreA (nitrogen regulatory protein), binds to GATA sites in the aflR-aflS 
intergenic region, which suggests that  regulation of aflatoxin production by nitrogen could 
be linked to AreA control of aflR and aflS expression (Bhatnagar et al, 2003). It has been 
demonstrated using a yeast two-hybrid system that AflS binds to the carboxy-terminal region 
of AflR, thus AflS probably functions as an AflR co-activator/enhancer (Chang et al, 1999). 
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Figure 1.2:  Functional activity of the aflR promoter truncation mutants based on β-glucuronidase 
(GUS) activity (Ehrlich et al, 1999a).  
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1.2.4 pH Regulation of Aflatoxin Biosynthesis  
Certain carbon sources and nitrogen have been known to enhance (e.g. glucose, 
ammonium) or hinder (e.g. lactose, nitrate) aflatoxin biosynthesis in A. flavus and A. 
parasiticus. However, several studies have shown that aflatoxin production in A. parasiticus 
on glucose medum occurs when the fungus is grown in acidic environments (pH = 4 to 5). 
Furthermore the effect of pH on aflatoxin biosynthesis is dependent on the composition of the 
growth media (Calvo et al, 2002). As the pH of ammonium based growth medium increased, 
A. nidulans and A. parasiticus showed five to ten-fold decreases in mycotoxin production 
(Keller et al, 1997). A mutant A. nidulans strain which exhibited constitutive activity of the 
pH regulatory factor (pacC) resulted in ten-fold lower sterigmatocystin production than 
wildtype (Keller et al, 1997). Additionally, a relationship between aflatoxin production in 
response to pH was determined by Cotty (1988). At pH 4.0 or lower, aflatoxin production is 
maximal while sclerotial production was reduced by 50% in A. flavus (Cotty, 1988; Calvo et 
al, 2002).  
Effects of pH have also been observed during studies investigating the effects of nitrogen 
on aflatoxin production. Generally aflatoxin producing Aspergillus strains acidify ammonium 
based media (stimulating aflatoxin production) whereas nitrate based medium (aflatoxin 
inhibiting) remain neutral (Keller et al, 1997). It has also been demonstrated that buffering 
ammonium media to neutral pH and nitrate media to acidic pH reversed the inducing and 
repressing effects of nitrogen source on A. flavus aflatoxin production on solid media (Keller 
et al, 1997). 
 
1.3 THE pH REGULATORY GENE pacC 
 1.3.1 pH Regulation of Gene Expression in Aspergillus 
Many microorganisms experience variations in the pH of their external environment, thus 
it is beneficial to possess a regulatory system that senses environmental pH, allowing for 
mediation of pH regulated gene expression (van den Hombergh et al, 1996). Several genes 
are known to be regulated by pH in the Aspergilli. In A. nidulans these genes are categorized 
in three groups viz. those encoding secreted enzymes such as acid phosphatase (pacA), those 
encoding permeases such as the GABA transporter (gabA) and those encoding enzymes 
involved in the synthesis of secondary metabolites such acvA and ipnA which encode the first 
two enzymes of penicillin biosynthesis (Espeso et al, 1993; Espeso and Penalva, 1996; Then-
Bergh and Brakhage, 1998; Penalva and Arst, 2002).  
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Furthermore, several genes involved in sterigmatocystin and aflatoxin biosynthesis are 
also pH regulated such as stcU (encoding an acid-expressed ketoreductase) that catalyses 
reduction of versicolorin A, a precursor of sterigmatocystin and aflatoxin biosynthesis 
(Brown et al, 1996; Keller et al, 1997; Penalva and Arst, 2002). The pH regulatory 
transcription factor PacC is also predominantly active at alkaline pH (Tilburn et al, 1995; 
Penalva and Arst, 2002). 
Regulation of gene expression by pH is mediated primarily by the gene products of pacC 
and six pal genes (Johannes et al, 1996; Denison, 2000; Calvo et al, 2002). Understanding of 
pH regulation in Aspergillus has mainly been done via genetic mutagenesis of these genes. 
Mutations in pacC or the pal genes which affect pH regulation fall into two main categories, 
viz. "alkalinity-mimicking" and "acidity-mimicking" mutations. "Alkalinity-mimicking" 
mutations result in similar gene expression to wild type grown under alkaline conditions, 
irrespective of ambient pH. "Acidity-mimicking" mutations results in gene expression similar 
to wild type strains grown under acidic conditions irrespective of ambient pH (Penalva and 
Arst, 2002). There are also a small number of mutations that result in a "neutrality-mimicking 
phenotype" irrespective of environmental pH whose gene expression is analogous to wild 
type grown at pH 6.5 or is a combination of "alkalinity-mimicking" and "acidity mimicking" 
phenotypes (Mingot et al, 1999; Penalva and Arst, 2002). Mutations that generate all three 
phenotypes (acidity, alkalinity and neutrality mimicking) have been obtained for pacC in 
various Aspergillus species (Caddick et al, 1986; MacAbe et al; 1996; Tilburn et al, 1995; 
Mingot et al, 1999; Diez et al, 2002).  
There are three pacC acronyms used to denote pacC mutations viz. pacCc referring to 
constitutively active PacC mutants which mimic wildtype growth at alkaline pH (alkali 
expressed genes are transcribed and acid expressed genes are repressed); pacC+/- which refers 
to partial loss of function mutants that mimic growth under acidic conditions and show an 
increase in acid phosphatase levels and penicillin production (A. nidulans) and pacC- referred 
to as the loss-of-function pacC mutants which also mimic growth under acidic conditions 
irrespective of ambient pH (Caddick et al, 1986; MacAbe et al; 1996; Tilburn et al, 1995; 
Mingot et al, 1999; Diez et al, 2002). pacC minus (pacC-) mutations relieve repression of 
acid-expressed genes at alkaline pH (Tilburn et al, 1995). A genetic model of pH regulation 
by pacC in A. nidulans has been hypothesized (Figure 1.3; Penalva and Arst, 2002). 
PacC is synthesized as an inactive protein and is activated at alkaline pH via signal 
transduction through the pal signalling pathway. The model in Figure 1.4 shows that at 
alkaline pH, conversion of the PacC transcription factor to its active form is mediated by 
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proteins encoded by the six pal genes, thereby facilitating PacC mediated expression of 
alkali-expressed genes and repression of acid-expressed genes (Penalva and Arst, 2002). 
Activated PacC represses transcription of acid-expressed genes (such as pacA and gabA in 
A. nidulans), but activates transcription of alkaline-expressed genes (such as ipnA, prtA, and 
palD in A. nidulans). Mutations that result in defective PacC (pacC- or pacC+/-) or that 
disrupt the pal signalling pathway results in repression of alkaline-expressed genes and de-
repression of acid-induced genes, causing an "acidity mimicking" phenotype. Mutations that 
result in constitutive expression of PacC (pacCc) result in constant expression of alkaline-
induced genes and severe repression of acid-induced genes, causing an "alkalinity 
mimicking" phenotype (Penalva and Arst, 2002). 
 
 1.3.2 The PacC Transcription Factor 
 The deduced sequence of PacC contains 678 amino acids (Tilburn et al, 1995). However, 
mutational analysis has shown that possibly all translation proceeds from methionine at 
codon 5, resulting in a 674-residue protein (Mingot et al, 1999). The most important 
characteristic of the PacC protein is the presence of three Cys2His2 zinc fingers that bind the 
consensus DNA sequence, 5'- GCCARG -3' (Johannes et al, 1996; Denison, 2000; Calvo et 
al, 2002; Penalva and Arst, 2002; Arst and Penalva, 2003) (Figure 1.4). The specificity of the 
PacC zinc finger DNA binding domain has been thoroughly analyzed using various 
molecular biological, biochemical and molecular modelling techniques (Tilburn et al, 1995; 
Arst and Penalva, 2003). Zinc-finger 1 interacts with Zinc-finger 2 rather than directly with 
the target DNA. Certain residues of Zinc finger 2 also interact with the 5′ end, while finger 3 
binds the 3′ end, of the GCCARG consensus sequence (Arst and Penalva, 2003). 
Partially purified PacC binds specifically to the target DNA sequence (5′- GCCARG - 3′) 
with a preference for a thymine (T) at 1bp before the PacC binding site (Tilburn et al, 1995; 
Johannes et al, 1996; Denison, 2000; Calvo et al, 2002). Nearly every nucleotide of the 
GCCARG sequence appears to have interactions with specific residues of Zinc fingers 2 & 3 
(Figure 1.5). The contact of Gln155 (in Zinc-finger 3) with nucleotide A4 (Figure 1.5) is 
essential for binding (Espeso et al, 1997; Arst and Penalva, 2003). There is a very high 
degree of conservation in amino acid sequence in the DNA binding regions of fingers 2 and 3 
between PacC and its homologues (e.g. RIM101p in Yarrowia lipolytica, PRR2 in C. 
albicans)  suggesting that PacC homologs have similar binding specificities (Lambert et al, 
1997; Arst and Penalva, 2003; Cornet et al, 2005).  
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Figure 1.3:  Schematic representation of pH regulation in A. nidulans (Penalva and Arst, 2002). 
 
 
 
 
 
 
 
 
Figure 1.4:  Schematic representation of functionally relevant regions of A. nidulans pacC (Arst and 
Penalva, 2003).  
Translation begins at methionine codon 5. Interaction between regions A, B and C maintains the closed 
conformation preventing cleavage by the processing protease. There is a nuclear localization signal (NLS) in the 
third zinc finger in the DNA-binding domain. The three forms of PacC (PacC72, PacC53 and PacC27) indicate the 
72 kDa full-length protein, the 53 kDa protein after cleavage by the signalling protease and the final 27-kDa 
active form, respectively. 
 
 
Figure 1.5: DNA binding specificity of PacC (Penalva and Arst, 2002). 
Zinc fingers 2 and 3 have been shown (via experimental evidence and molecular modelling) to make specific 
interactions with each base in both strands of the PacC recognition sequence (5' – GCCARG – 3'). Zinc finger 1 
does not appear to be involved in specific contact with DNA. 
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1.3.3 Proteolytic Processing of PacC 
There are three different forms of PacC viz. a 72-kDa translation product, a 53-kDa open 
form and a 27-kDa truncated product that is referred to as the processed form (Orejas et al, 
1995; Mingot et al, 1999; Penalva an Arst, 2002). Under acidic conditions (pH < 6) or if the 
functional pal pH signalling pathway is lacking, the 72-kDa translation product 
predominates, whereas under alkaline growth conditions the processed (27-kDa) form 
predominates (Orejas et al, 1995; Mingot et al, 1999). This has led to the hypothesis that 
PacC is proteolytically processed via the pal pathway at alkaline pH (Penalva and Arst, 
2002). In acidic environments, the 674 residue PacC protein is in a "closed" conformation 
and is protected from proteolytic activation due to intramolecular interactions with the ≤150 
residue C-terminal domain. pH signalling mediated by the pal pathway converts PacC to an 
accessible conformation enabling processing cleavage within residues 252-254 (Figure 1.6) 
(Díez et al, 2002; Arst and Penalva, 2003). It has been determined by Díez et al (2002) that 
activation of PacC requires two proteolytic steps. First, the "closed" translation product is 
converted to an accessible, committed intermediate (53-kDa form) by proteolytic cleavage of 
the C-terminus. This ambient pH-regulated cleavage is required for the final, pH-independent 
processing reaction (Díez et al, 2002, Penalva and Arst, 2002). The signalling protease 
cleaves PacC between residues 493 and 500, within a conserved 24 residue "signalling 
protease box" to form the functional 27-kDa protein (Díez et al, 2002; Figures 1.4 and 1.6). 
Most pacCc mutants occur as a result of C-terminal truncation (at or between residues 407 
and 578) of PacC resulting in proteolytic activation at any pH, thus causing an alkalinity-
mimicking phenotype. This implies that an important function of the C-terminal moiety is to 
prevent proteolytic cleavage of the "closed" PacC under acidic ambient pH. 
The 72-kDa pacC translation product is relatively inactive as revealed by the strong 
acidity-mimicking phenotype which is the consequence of non-truncating pacC+/- mutations, 
thus preventing proteolytic processing and leading to preferential localization of PacC to the 
cytosol (Penalva and Arst, 2002). In comparison if PacC is truncated after residue 266 it is 
able to activate alkaline-induced and repress acidic-induced gene expression (Penalva and 
Arst, 2002).  
 
 
 
 
 
13 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6: Molecular model showing proteolytic processing and nuclear localisation of PacC in 
response to pal-pathway mediated ambient pH signalling (Arst and Penalva, 2003).  
The external alkaline pH signal is transduced to the signalling protease via PalH and/or PalI, which are 
membrane proteins. The signalling protease then proteolytically cleaves PacC into the 53 kDa open 
conformation. The 53 kDa protein can then be cleaved into the 27 kDa active protein via a processing protease 
in the cytosol or after localisation to the nucleus. 
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1.3.4 Mutational Analysis of pacC 
 pacC has been genetically analyzed in various Aspergillus species, and characterization 
of pacC mutations were vital towards understanding PacC activation by proteolysis (Espeso 
et al, 1997; Then-Bergh and Brahkage, 1998; Espeso and Arst, 2000; Díez et al, 2002; 
Penalva and Arst, 2002). C-terminal deletions of PacC resulted in an alkalinity-mimicking 
(pacCc) mutant (Tilburn et al, 1995; Then-Bergh and Brahkage, 1998; Mingot et al, 1999). 
Thus, the C-terminal region of PacC appears to have a negative-acting domain which is 
inactivated by alkaline pH signalling. Single amino acid mutations at positions 259, 266, 340, 
573, and 579 also lead to a pacCc phenotype (Mingot et al, 1999; Espeso and Penalva, 1996; 
Penalva and Arst, 2000).  
Acidity-mimicking phenotypes (pacC+/- mutations) occur as a result of N-terminal 
deletions, and null phenotypes (pacC-) occur if the truncation extends into the zinc finger 
domain (Tilburn et al, 1995; Mingot et al, 1999; Denison, 2000; Espeso and Penalva, 1996; 
Penalva and Arst, 2002). Phenotypically pacC- mutations result in cryosensitivity at pH = 6.5, 
low growth rates at ambient temperature, very poor conidiation under alkaline conditions, and 
overproduction of an unknown brown pigment (Tilburn et al, 1995; Mingot et al, 1999; 
Penalva and Arst, 2002; Pinero and Keller, unpublished data). Deletion of residues between 
299 and 315, residue 379 and from residues 465 through 540 also result in an acidity-
mimicking phenotype (Tilburn et al, 1995; Mingot et al, 1999; Espeso and Arst, 2000). 
Neutrality-mimicking pacCc/-  mutations generally occur in the region between alkalinity-
mimicking and acidity-mimicking deletion mutations (Mingot et al, 1999). 
 
1.3.5 Role of PacC in Activation and Repression 
 Numerous investigations have been conducted to determine the mechanism of PacC 
activation or repression of gene expression at alkaline pH.  Analysis of PacC regulation in the 
promoters of the ipnA gene (encoding isopenicillin N synthase, alkali-expressed), gabA 
(encoding gaba amino butyric acid acid expressed gene,) in A. nidulans and several other 
genes have been conducted (Espeso and Penalva, 1996; Denison, 2000; Espeso and Arst, 
2000).  
The bidirectional promoter (872bp) between the divergently transcribed acvA and ipnA 
genes contains five GCCARG sites (named ipnA1 to ipnA4B). In vitro EMSA assays 
showed that ipnA1 (nearest to acvA) does not have a very high affinity for PacC (Espeso and 
Penalva, 1996). The two PacC binding sites closest to ipnA are in opposite orientation 
(separated by 9bp) forming the double ipnA4AB site at -258bp. The ipnA2 and ipnA3 PacC 
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binding sites are located at -593bp and -502bp relative to the transcription start point of ipnA, 
respectively. 
PacC has a higher affinity for ipnA2 than for ipnA3 or for the double ipnA4AB site. 
However, deletion of both ipnA3 and ipnA4AB almost completely inhibited ipnA expression 
at alkaline pH (Espeso and Penalva, 1996). Furthermore, deletion of only ipnA2 reduced 
ipnA expression by nearly 50%, and deletion of ipnA2, ipnA3, and ipnA4AB together 
reduced ipnA expression nearly 20-fold (similar to expression levels at acidic pH). Deletion 
of ipnA3 resulted in a five-fold reduction in expression of ipnA (Espeso and Penalva, 1996; 
Penalva and Arst, 2002). Deletion of these PacC binding sites within the promoter of ipnA 
significant reduced ipnA expression at alkaline pH, thus proving that PacC directly activates 
expression of ipnA (an alkali-expressed gene) (Penalva and Arst, 2002). 
 The promoter of the acid expressed gene, gabA (which encodes a GABA transporter), 
has two adjacent but inversely oriented PacC binding sites, which overlap the site for the 
IntA/AmdR transcription factor (Espeso and Arst, 2000). It was found that PacC and 
IntA/AmdR compete for binding which implies that PacC directly represses gabA expression 
by blocking induction of IntA/AmdR (Espeso and Arst, 2000; Penalva and Arst, 2002).  
 
1.3.5.1 Role of PacC in regulation of aflatoxin biosynthesis 
  Fungal development and aflatoxin production in Aspergillus species is affected by pH in 
a complex manner. It has been found that aflatoxin production increases under acidic 
conditions and is repressed under alkaline conditions. Keller et al (1997) hypothesised that 
control of aflatoxin and sterigmatocystin expression in response to pH could be mediated via 
the PacC transcriptional factor (Keller, et al, 1997; Calvo et al, 2002). This hypothesis was 
supported by the fact that a constitutively activated A. nidulans PacC mutant (pacCc202, 
mimicking constant alkali conditions) produced ten-fold less aflatoxin than wild type (Keller 
et al, 1997). At acidic pH, the PacC protein is hypothesized to be inactive and cannot bind to 
target sites, but at alkaline pH it is cleaved to produce the active form of the protein. The 
activated PacC protein has been shown to bind to promoters of target genes which have PacC 
binding sites (5′-GCCARG), activating the expression of alkaline expressed genes, and 
repressing the expression of acid expressed genes (MacAbe et al, 1996; Espeso et al, 1997). 
Since the aflatoxin biosynthesis pathway genes are more highly expressed at acidic pH, it has 
been suggested that PacC may be a negative regulator of aflatoxin and sterigmatocystin 
biosynthesis at alkaline pH (Keller et al, 1997).  
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Ehrlich et al (1999a) have shown that the promoter region of the A. parasiticus aflR 
contains at least one PacC binding site and it has been demonstrated that this site is bound by 
a protein presumed to be PacC. Examination of the aflatoxin gene cluster in A. flavus 
revealed approximately 122 putative PacC binding sites and in some cases the PacC binding 
site is situated very near an AflR site (global regulator of aflatoxin/sterigmatocystin 
biosynthesis). Several promoters of stc (sterigmatocystin) genes in A. nidulans also contain 
putative PacC binding sites (Keller et al, 1997), thus it is possible that aflatoxin and 
sterigmatocystin biosynthesis may be regulated by PacC. For example, the promoter of the 
sterigmatocystin biosynthesis gene stcU has a PacC binding site and an AflR binding site that 
are only two bases apart (Keller et al, 1997). The close proximity of these two binding sites 
suggests that PacC may have an effect on aflatoxin/sterigmatocystin production by 
interacting with AflR or prevention of AflR binding thus repressing expression of aflatoxin 
biosynthetic pathway genes. Other genes in the aflatoxin biosynthetic cluster also have PacC 
binding sites in their promoters and this may affect gene expression e.g. the 1.7 kb intergenic 
region separating the aflD (nor-1) and aflC (pksA) genes has two adjacent PacC sites nearly 
in the middle that affect expression of aflC (Erhlich et al, 2002). PacC is also a regulator of 
genes involved in penicillin biosynthesis (Calvo et al, 2002). In A. nidulans at high pH, PacC 
activates expression of the isopenicillin N synthase gene, which is involved in penicillin 
biosynthesis. In Penicillium chrysogenum, PacC activates the expression of the isopenicillin 
N synthase homologue, pcbC (Calvo et al, 2002). PacC has also been found to be involved in 
the regulation of morphogenesis and development, since deletion of the entire PacC coding 
region resulted in reduced growth and a significant reduction in conidiation (Tilburn et al, 
1995; Calvo et al, 2002). However, it remains unknown whether PacC directly or indirectly 
regulates morphogenesis and development. 
Thus, the focus of this study was to mutate each individual (and thereafter both) PacC 
binding sites within the aflR promoter of A. flavus 3357 to analyse the effect of PacC 
regulation of aflR promoter activity at alkaline pH. Furthermore, the aim of this study was to 
determine whichPacC binding site, if any,  is the preferred or more important site for 
regulation of aflR promoter activity by PacC. This was done as follows: 
(1) Each of the PacC binding sites in the A. flavus 3357 aflR promoter were first mutated 
by changing the sequence of the PacC binding sites via Single-Joint PCR (SJ-PCR). 
Thereafter, the wildtype and mutated aflR promoters were separately fused to the gfp 
gene to generate a GFP reporter construct and transformed into A. flavus 3357.5 
(Chapter 2). 
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(2) In order to establish a reliable and optimised RT-qPCR assay, several candidate 
reference genes were analysed for their suitability under the conditions used for 
stimulating or repressing aflatoxin biosynthesis (Chapter 3). 
(3) RT-qPCR was performed on selected transformants after growth on SLS medium at 
acidic and alkaline pH to evaluate PacC regulation of aflR promoter activity (Chapter 
4). 
 
  
18 
1.? REFERENCES 
 
1. Arst, H.N. Jr. and Penalva, M.A. 2003. pH regulation in Aspergillus and parallels 
with higher eukaryotic regulatory systems. Trends in Genetics. 19:224-231.  
 
2. Bhatnagar, D., Cary, J.W., Ehrlich, K.C., Yu, J. and Cleveland, T.E. 2006. 
Understanding the genetics of regulation of aflatoxin production and Aspergillus flavus 
development. Mycopathologia. 162:155-16. 
 
3. Bhatnagar, D., Ehrlich, K.C. and Cleveland, T.E. 2003. Molecular genetic analysis 
and regulation of aflatoxin biosynthesis. Applied Microbiology and Biotechnology. 
61:83-93.  
 
4. Brown, D.W., Yu, J., Kelkar, H.S., Fernandes, M., Nesbitt, T.C., Keller, N.P., 
Adams, T.H. and Leonard, T.J. 1996. Twenty-five co-regulated transcripts define a 
sterigmatocystin gene cluster in Aspergillus nidulans. Proceedings of the National 
Academy of Sciences. 93:1418-1422 
 
5. Burger, G., Strauss, J., Scazzochio and Lang, B. 1991. nirA, the pathway specific 
regulatory gene of nitrate assimilation in Aspergillus nidulans encodes a putative 
GAL4-type zinc finger protein and contains introns in highly conserved regions. 
Molecular and Cellular Biology. 11:5746-5755. 
 
6. Caddick, M.X., Brownlee, A.G. and Arst, H.N. Jr. 1986. Regulation of gene 
expression by the pH of the growth medium in Aspergillus nidulans. Molecular and 
General Genetics. 203:346-353. 
 
7. Calvo, A.M., Wilson, R.A., Bok, J.W. and Keller, N.P. 2002. Relationship between 
Secondary Metabolism and Fungal development. Microbiology and Molecular Biology 
reviews. 66:447-459.  
 
8. Chang, P-K, Ehrlich, K.C., Linz, J.E., Bhatnagar, D., Cleveland, T.E. and Bennett, 
J.W. 1996. Characterisation of the Aspergillus niaD and niiA gene cluster. Current 
Genetics. 30:68-75. 
19 
 
9. Chang, P-K., Ehrlich, K.C., Yu, J., Bhatnagar, D. and Cleveland, T.E. 1995. 
Increased expression of Aspergillus parasiticus aflR, encoding a sequence-specific 
DNA binding protein, relieves nitrate inhibition of aflatoxin biosynthesis. Applied and 
Environmental Microbiology. 61:2372-2377. 
 
10. Chang P-K., Yu, J., Bhatnagar, D. and Cleveland, T.E. 1999. Repressor-AFLR 
interaction modulates aflatoxin biosynthesis in Aspergillus parasiticus. Mycopathologia 
147:105-112. 
 
11. Chang, P-K., Yu, J., Bhatnagar, D. and Cleveland, T.E. 2000. Characterisation of 
the Aspergillus parasiticus major nitrogen regulatory gene, areA. Biochemica et 
Biophysica Acta. 1491:263-266.  
 
12. Cornet, M., Bidard, F., Schwarz, P., Da Costa, G., Blanchin-Roland, S., Dromer, 
F. and Gaillardin, C. 2005. Deletion of endocytic components VPS28 and VPS32 
affect growth at alkaline pH and virulence through both RIM101-dependant and 
RIM101-independent pathways in Candida albicans. Infection and Immunity. 73:7977-
7987. 
 
13. Cotty, P.J. 1988. Aflatoxin and sclerotial production by Aspergilllus flavus:  Influence 
of pH. Phytopathology. 78:1250-1253. 
 
14. Denison, S. 2000. pH regulation of gene expression in fungi. Fungal genetics and 
biology. 29:61-71. 
 
15. Diener, U.F., Cole, R.J., Sanders, T.H., Payne, G.A., Lee, L.S. and Klich, M.A. 
1987. Epidemiology of aflatoxin formation by Aspergillus flavus. Annual Review of 
Phytopathology. 25:249-270.  
 
16. Díez, E., Álvaro, J., Espeso, E.A., Rainbow, L., Suarez, T., Tilburn, J., Arst, H.N. 
Jr. and Penalva, M.A. 2002. Activation of the Aspergillus PacC zinc finger 
transcription factor requires two proteolytic steps. European Molecular Biology 
Organisation  Journal. 21:1351-1359. 
20 
 
17. Ehrlich, K.C., Cary, J.W. and Montalbano, B.G. 1999a. Characterisation of the 
promoter for the gene encoding the aflatoxin biosynthetic pathway regulatory protein 
AFLR. Biochemica et Biophysica Acta. 1444:412-417.   
 
18. Ehrlich, K.C., Cary, J.W. and Montalbano, B.G. 1999b. Binding of the C6-Zinc 
cluster protein, AFLR, to the promoters of aflatoxin pathway biosynthesis genes in 
Aspergillus parasiticus. Gene. 230:249-257.   
 
19. Ehrlich, K.C., Cary, J.W., Montalbano, B.G. and Cotty, P.J. 2002. Promoter 
elements in the aflatoxin pathway polyketide synthase gene. Biochemica et Biophysica 
Acta. 1576:171-175. 
 
20. Ehrlich, K.C., Chang, P.K., Yu, J. and Cotty, P.J. 2004. Aflatoxin biosynthesis 
cluster gene cypA is required for G aflatoxin formation. Applied and Environmental 
Microbiology. 70:6518-6524. 
 
21. Espeso, E.A. and Arst, H.N. Jr. 2000. On the mechanism by which alkaline pH 
prevents expression of an acid-expressed gene. Molecular and Cellular Biology. 
20:3355-3363. 
 
22. Espeso, E.A. and Penalva, M. A. 1996. Three binding sites for the Aspergillus 
nidulans PacC zinc-finger transcription factor are necessary and sufficient for 
regulation by ambient pH of the isopenicillin N synthase gene promoter. Journal of 
Biological Chemistry. 271:28825-28830. 
 
23. Espeso, E.A., Tilburn, J., Arst, H.N. Jr. and Penalva, M.A. 1993. pH regulation is a 
major determinant in expression of a fungal penicillin biosynthetic gene. European 
Molecular Biology Organisation Journal. 12:3947-3956. 
 
24. Espeso, E.A., Tilburn, A.J., Sanchez-Pulido, L., Brown, C.V., Valencia, A., Arst 
H.N. Jr. and Penalva, M.A. 1997. Specific DNA recognition by the Aspergillus 
nidulans three zinc finger transcription factor PacC. Journal of Molecular Biology. 
274:466-480. 
21 
25. Flaherty, J.E. and Payne, G.A. 1997. Overexpression of aflR leads to upregulation of 
pathway gene transcription and increased aflatoxin production in Aspergillus flavus. 
Applied and Environmental Microbiology. 63:3995-4000. 
 
26. Hedayati M.T., Pasqualotto A.C., Warn P.A., Bowyer P. and Denning D.W. 2007. 
Aspergillus flavus: human pathogen, allergen and mycotoxin producer. Microbiology. 
153:1677-1692. 
 
27. Horn B.W. 2009. Sexual reproduction in Aspergillus flavus. Mycologia. 101:423-429. 
 
28. Johannes, P.T., van den Homberg, W., MacAbe, A.P., van der Vondervoort, P.J.I. 
and Visser, J. 1996. Regulation of acid phosphatases in an Aspergillus niger disruption 
strain. Molecular General Genetics. 251:542-550. 
 
29. Keller, N.P., Nesbitt, C., Sarr, B., Phillips, D. and Burrow, G.B. 1997.  pH 
regulation of Sterigmatocystin and Aflatoxin biosynthesis in Aspergillus spp. 
Phytopathology. 87:643-648. 
 
30. Lambert, M., Blanchin-Roland, S., Le Louedec, F., Lepingle, A. and Gaillardin, C. 
1997. Genetic analysis of regulatory mutants affecting synthesis of extracellular 
proteinases in the yeast Yarrowia lypolytica: identification of a RIM101/pacC homolog. 
Molecular and Cellular Biology. 17:3966-3976. 
 
31. Liu, B-H. and Chu, F.S. 1998. Regulation of aflR and its product, AFLR, associated 
with aflatoxin biosynthesis. Applied and Environmental Microbiology. 64:3718-3723. 
 
32. MacAbe, A.P., Johannes, P.T., van den Hombergh, W., Tilburn, J., Arst, H.N. Jr. 
and Visser, J. 1996. Identification, cloning and analysis of the Aspergillus niger PacC 
gene, a wide domain regulatory gene responsive to ambient pH. Molecular and General 
Genetics. 250:367-374. 
 
33. Meyers, D.M., O’Brian, G., Du, W.L., Bhatnagar, D. and Payne, G.A. 1998. 
Characterization of aflJ, a gene required for conversion of pathway intermediates to 
aflatoxin. Applied and Environmental Microbiology. 64:3713-3717. 
22 
34. Mingot, J.M., Tilburn, J., Díez, E., Bignell, E., Orejas, M., Widdick, D.A., Sarkar, 
S., Brown, C.V., Caddick, M.X., Espeso, E.A., Arst, H.N. Jr. and Penalva, M.A. 
1999. Specificity determinants of proteolytic processing of Aspergillus PacC 
transcription factor are remote from the processing site, and processing occurs in yeast 
if pH signalling is bypassed. Molecular and Cellular Biology. 19:1390-1400. 
  
35. Moreno, O.J. and Kang, M.S. 1999. Aflatoxins in maize: the problem and genetic 
solutions. Plant Breeding. 118:1-16. 
 
36. Negrete-Urtasun, S., Reiter, W., Diez, E., Denison, S.H., Tilburn, J., Espeso, E.A., 
Penalva, M.A. and Arst, H.N. Jr. 1999. Ambient pH signal transduction in 
Aspergillus: completion of gene characterisation. Molecular Microbiology. 33: 994-
1003. 
 
37. Orejas, M., Espeso, E.A., Tilburn, J., Sarkar, S., Arst, H.N. Jr. and Penalva, M.A.  
1995. Activation of the Aspergillus PacC transcription factor in response to alkaline 
ambient pH requires proteolysis of the carboxy-terminal moiety. Genes and 
Development. 9:1622-1632. 
 
38. Payne, G.A., Nystorm, G.J., Bhatnagar, D., Cleveland, T.E. and Woloshuk, C.P. 
1998. Cloning of the afl-2 gene involved in aflatoxin biosynthesis from Aspergillus 
flavus. Applied and Environmental Microbiology. 59:156-162. 
 
39. Penalva, H.N. and Arst, M.A. 2002. Regulation of Gene expression by ambient pH in 
Filamentous fungi and yeasts. Micriobiology and Molecular Biology reviews. 66:426-
446. 
 
40. Penalva, H.N. and Arst, M.A. 2003. pH regulation in Aspergilllus and parallels with 
higher eukaryotic systems. Trends in Genetics. 19:224-231. 
 
41. Pitt, J.L. and Hocking, A.D. 1985. Fungi and Food Spoilage. Academic Press, 
Sydney. 
 
23 
42. Suleman, E. 2007. The role of pacC in Aspergillus. MSc Thesis. Nelson Mandela 
Metropolitan University. 
 
43. Then-Bergh, K. and Brakhage, A.A. 1998. Regulation of the Aspergillus nidulans 
penicillin biosynthesis gene acvA (pcbAB) by amino acids: implication for involvement 
of transcription factor PACC. Applied and Environmental Microbiology. 64:843-849. 
 
44. Tilburn, J., Sarkar, S., Widdick, D.A., Espeso, E.A., Orejas, M., Mungroo, J., 
Penalva, M.A. and Arst, H.N. Jr. 1995. The Aspergillus PacC zinc finger transcription 
factor mediates regulation of both acid- and alkaline-expressed genes by ambient pH. 
European Molecular Biology Organisation Journal. 14:779-790. 
 
45. Todd, R.B., Andrianopolous, A., Davis, M.A. and Hynes, M.J. 1998. FacB, the 
Aspergillus nidulans activator of acetate utilisation genes, binds dissimilar DNA 
sequences. European Molecular Biology Organisation Journal. 17:2042-2054. 
 
46. van den Hombergh, J.P.T.W., MacCabe, A.P., van de Vondervoort, P.J.I. and 
Visser, J. 1996. Regulation of acid phosphatases in an Aspergillus niger pacC 
disruption strain. Molecular General Genetics. 251:542-550. 
 
47. Woloshuk, C.P., Foutz, K.R., Brewer, J.F., Bhatnagar, D., Cleveland, T.E. and 
Payne, G.A. 1994. Molecular characterization of aflR, a regulatory locus for aflatoxin 
biosynthesis. Applied and Environmental Microbiology. 60:2408-2414. 
 
48. Yu, J., Bhatnagar, D. and Cleveland, T.E. 2002. Aflatoxin biosynthesis. Revista 
Iberoamericana de Micología. 19:191-200.  
 
49. Yu, J-H., Butchko, R.A.E., Fernandes, M., Keller, N.P., Leonard, T.J. and Adams, 
T.H. 1996. Conservation of structure and function of the aflatoxin regulatory gene aflR 
from Aspergillus nidulans and A. flavus. Current Genetics. 29:549-555. 
 
50. Yu, J., Chang, P-K., Ehrlich, K.C., Cary, J.W., Montalbano B., Bhatnagar, D., 
Cleveland, T.E., Payne, G.A., Linz, J.E., Woloshuk, P.K. and Bennett, J.W. 2004. 
24 
Clustered pathway genes in Aflatoxin Biosynthesis. Applied and Environmental 
Microbiology. 70:1253-1262. 
 
  
25 
CHAPTER 2 
 
MUTATION OF THE PacC BINDING SITES WITHIN THE aflR PROMOTER 
 
2.1 INTRODUCTION  
There are numerous biological (e.g. presence of oxylipins, lipooxygenases) and non-
biological factors (carbon source, nitrogen source etc.) which affect aflatoxin production 
(Wilson et al, 2001; Calvo et al, 2002; Tsitsigiannis et al, 2006) afltoxigenic Aspergilli. 
However, pH appears to be the most important factor that regulates aflatoxin production since 
aflatoxin biosynthesis occurs at acidic pH but not under alkaline conditions (Cotty, 1988; 
Keller et al, 1997; Price et al, 2005).  
The pacC gene, encodes the pH-regulatory transcription factor, PacC. Under alkaline 
conditions, the activated form of PacC is available and is extremely important for activation 
of alkaline expressed genes such as alkaline phosphatases, isopenicillin N synthase, etc. and 
the repression of acid expressed genes such as acid phosphatase, GABA permease, etc. 
(Penalva and Arst, 2002). Keller et al (1997) hypothesized that aflatoxin biosynthesis may be 
inhibited at alkaline pH through PacC which may repress expression of aflatoxin biosynthesis 
genes. This hypothesis was investigated by RNA interference of the pacC gene in A. flavus 
(Suleman, 2007). RNA interference of PacC resulted in aflatoxin production under acidic and 
alkaline pH conditions whilst wildtype A. flavus produced aflatoxins only under acidic 
conditions (Suleman, 2007). This conclusively proved that PacC negatively regulates 
aflatoxin production at alkaline pH in A. flavus.  
In addition to regulating aflatoxin biosynthesis, PacC is also known to regulate several 
other genes and biological processes in a variety of organisms. It has been shown that PacC 
acts as a negative virulence regulator in the plant pathogen Fusarium oxysporum where it has 
been hypothesized that PacC prevents expression of genes that are important for infection and 
virulence of the pathogen (Caracuel et al, 2003).  A similar effect was observed in A. flavus 
wherein pacC silencing severely impaired the virulence and pathogenicity of A. flavus 
mutants on maize seeds (Suleman, 2007). Several other studies have shown that PacC 
positively regulates pathogenicity in A. nidulans, C. albicans and F. oxysporum (Davis et al, 
2000; Fonzi, W.A, 2002; Caracuel et al, 2003; Bignell et al, 2005; Cornet et al, 2005).  
The AflR protein is essential for expression of several genes in the aflatoxin biosynthetic 
cluster (Price et al, 2005; Georgianna and Payne, 2009). Analysis of the aflR promoter region 
via deletion mutagenesis has shown that there are several regions important for aflR 
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expression, with a region from -100 bp to -118 bp being critical for aflR promoter activity 
(Ehrlich et al, 1999). EMSA analysis using nuclear extracts revealed the presence of a PacC-
binding site (5′-GCCARG-3′) at approximately -251 bp in the aflR promoter (Ehrlich et al, 
1999; Bhatnagar et al, 2003). In the current study, in silico sequence analysis of the aflR 
promoter in A. flavus 3357WT indicated the presence of two putative PacC binding sites 
located at positions -162 and -487 bp from the start codon (Figure 2.1). The presence of the 
PacC binding sites in the aflR promoter indicated a possible link between aflR expression and 
PacC regulation under alkaline conditions. As already mentioned, PacC negatively regulates 
aflatoxin production at alkaline pH (Suleman, 2007). However the exact mechanism of how 
PacC represses aflatoxin biosynthesis has yet to be determined (Georgianna and Payne, 
2009).  
In this study, it was hypothesized that at alkaline pH, PacC inhibits aflR expression by 
binding to one or both of the PacC binding sites within the aflR promoter. This in turn, would 
result in inhibition of aflatoxin biosynthesis since expression of several aflatoxin biosynthetic 
pathway genes is dependent on AflR mediated activation of these genes (Georgianna & 
Payne, 2009).  
The current chapter focuses on the mutation of each PacC binding site (individually and 
together) in the A. flavus 3357 aflR promoter (Figure 2.1), construction of the various GFP 
reporter constructs via Single-Joint (SJ-PCR) and Double-Joint PCR (DJ-PCR), 
transformation of A. flavus 3357.5 and analysis of GFP production by fluorescence 
microscopy and fluorimetry.  
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2.2 MATERIALS AND METHODS 
 
  2.2.1 Fungal Strains and Growth Conditions 
 Strains of Aspergillus spp. used in this study were A. flavus NRRL 3357WT and A. flavus 
NRRL 3357.5 (pyrG-), obtained from N.P. Keller (University of Wisconsin-Madison, UWI). 
Routine culturing was performed by growing fungal strains (3357WT and positive 
transformants) on glucose minimal medium (GMM) [50 ml/l 20 x salts2 with NaNO3
 
(7 
mM); 1 ml/l trace elements3; 55.5 mM glucose (dextrose); adjusted to pH 6.5 with NaOH]. 
Untransformed A. flavus 3357.5 was grown on GMM supplemented with uracil (0.56 g/l) and 
uridine (1.26 g/l). For solid media, agar (15 g/l) was added to liquid broth before autoclaving. 
 
 2.2.2 Isolation of Fungal Genomic DNA 
 Genomic DNA was isolated according to modifications of the method of Woloshuk et al 
(1989). Several loopfuls of Aspergillus conidia were inoculated into 2 ml of GMM 
supplemented with 5.0 g/l yeast extract in 24-well cell culture plates and incubated at 29°C 
for 16-24 hours. Thereafter, the mycelial mats were harvested and squeezed between paper 
towels to remove as much of the liquid broth as possible. The mycelial mats were aliquoted 
into Eppendorf tubes (approx. 250 mg/tube) and snap-frozen in liquid nitrogen. Frozen 
mycelia was resuspended in 700 μl LETS buffer [0.1 M LiCl; 20 mM EDTA (pH 8.0); 10 
mM Tris-HCl (pH 8.0); 0.5% SDS] and crushed to a fine powder using sterile toothpicks. 
Thereafter, the mixture was incubated at room temperature for 5 minutes. The suspension 
was mixed with 700 μl phenol:chloroform:isoamyl alcohol (25:24:1), left at room 
temperature for 5 minutes and was then centrifuged for 10 minutes at 16 500xg in a micro-
centrifuge at 4°C. The supernatant was transferred to a new Eppendorf tube, extracted with an 
equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) and centrifuged again for 10 
minutes at 16 500xg at 4°C. DNA was precipitated by transferring the supernatant to a new 
Eppendorf tube, adding 1 ml of 95% ethanol, mixing and centrifuging at 16 500xg for 10 
minutes at 4°C to pellet the DNA. The supernatant was removed, the pellet washed with 70% 
ethanol and centrifuged at 16 500xg for 2 minutes to pellet the DNA. The supernatant was 
discarded and the pellet air-dried for 5 minutes at room temperature. The pellet was re-
suspended in 30 μl TE buffer (pH 8.0) and finally treated with 2 μl RNAse (10 mg/ml stock)  
                                                 
2 20x salts with NaNO3 (1 litre): NaNO3 (141mM); KCl (139.5mM); MgSO4.7H20 (65.24mM); KH2PO4 
(223.39mM); ddH20 (1000ml). 
3 Trace elements (100ml): ZnSO4.7H20 (2.2g); H3BO3 (1.1g); MnCl2.4H20 (0.5g); FeSO4.7H20 (0.5g); 
CoCl2.7H20 (0.16g); CuSO4.5H20 (0.16g); (NH4)6.Mo7O24.4H20 (0.11g), Na4EDTA (5g); ddH20 (100ml). 
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by incubating at 50°C for 30 minutes to digest RNA and inactivate DNases. DNA was 
stained during agarose gel electrophoresis on a 1% (w/v) TAE (pH 8.0) agarose gel 
containing 0.5µg/ml ethidium bromide at 10V/cm for 45 minutes and visualised on a UV 
transilluminator. DNA concentration was determined via agarose gel electrophoresis by 
comparing band intensities with bands of a 1 kb DNA marker (NEB) having known 
concentrations of DNA. Photographs of agarose gels were taken using the AlphaImager 3400 
(Alpha Innotech) imaging system. DNA was stored at -20°C until needed. 
  
 2.2.3 Sequence Analysis of the aflR Promoter and Adjacent Regions 
Sequence information for A. flavus NRRL 3357WT was obtained from the A. flavus 
genome website (www.aspergillusflavus.org). Initially, a 3.1 kb sequence containing a 
portion of the aflS gene and the complete aflR gene was obtained from the A. flavus genome 
database.  In particular the coding regions, promoter sequences, restriction sites and PacC 
binding sites were identified. A ~2100 bp region that contained the complete aflR promoter 
flanked on either side by partial aflS and aflR sequences respectively was chosen to introduce 
mutations in the PacC binding sites within the aflR promoter region (Figure 2.1).  Primers 
were designed to amplify different fragments of this region and thus introduce mutations in 
the respective PacC binding sites within the aflR promoter (Table 2.1). 
 
  2.2.3.1 Construction of PacC Mutation 1 in the aflR promoter via SJ-PCR 
It is known that specific bases of the PacC binding site interact with specific amino acid 
residues of the PacC protein (Espeso et al, 1997; Penalva and Arst, 2002). Thus the mutations 
introduced in the promoter were designed to ensure that every DNA base was altered to 
prevent any possible interaction between the PacC protein and the DNA binding site.  
SJ-PCR (Yu et al, 2004) was used to mutate the first PacC binding site (5′-GCCARG-3′) 
at position -487 bp (relative to the aflR start codon) into a HindIII site (5′-AAGCTT-3′). 
Primer sequences used for construction of the aflR promoters containing the mutated PacC 
binding sites are indicated in Table 2.1 and a graphical summary of the construction of PacC 
mutation 1 is shown in Figure 2.2. 
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Figure 2.1: Sequence map of the A. flavus 3357WT aflR promoter (green arrow) with flanking aflS and 
aflR ORF regions (2069bp). 
NB: The sequence map shows partial sequences for the aflR and aflS coding regions. Only the PacC binding 
sites (relative to the aflR start codon) within the aflR promoter are shown. The NcoI restriction sites were 
inserted into the sequence to facilitate cloning the entire fragment into the pGEM T Easy Vector. 
 
 
 
 
Table 2.1: Primers used for construction of mutated aflR promoters via Single-Joint 
PCR. 
 
Primer Name Sequence Characteristic 
 
  aflJ-NcoBstAPI-F1 5' - CAG GGA CCA TGg caa tgt ctg cCA CGT CC - 3' NcoI site for cloning 
aflR-NcoBstAPI-R1 5' - CTG CTG CCA TGg cat acc atg cCA GCA CC - 3' NcoI site for cloning 
prAFLRM1-F1 5' - GCA TCG TTA AAG CTT CAG GCA TAT CTA TGT CC - 3' PBS mutation to HindIII site  
prAFLRM1-R1 5' - GGA CAT AGA TAT GCC TGA AGC TTT AAC GAT GC - 3' PBS mutation to HindIII site  
prAFLRM2-F1 5' - GCT AGA CAA TCC TTG GAA GCT TTC AGA ACC- 3' PBS mutation to HindIII site  
prAFLRM2-R1 5' - GGT TCT GAA AGC TTC CAA GGA TTG TCT AGC - 3' PBS mutation to HindIII site  
 
NB: NcoI restriction sites are indicated as bold, HindIII restriction sites are indicated as underlined text, while 
the BstAPI restriction site is indicated as italicised text. PBS: PacC binding site 
 
  
     
2069 bp aflR gene startaflS gene start
aflS gene aflR gene
aflR promoterPacC binding site 1 (-487bp) PacC binding site 2 (-162bp)
NcoI (2) NcoI (2065)
BstAPI (13) BstAPI (2061)
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2.2.3.1.1 First round PCR: Initial amplification of two separate 
fragments 
PCR was performed on genomic DNA isolated from A. flavus 3357WT. PCR cycling 
conditions were: 5 minutes at 95°C for initial denaturation followed by 30 cycles of 
denaturation at 95°C for 1 minute, annealing at 55°C for 1 minute and extension at 72°C for 1 
minute, followed by a final extension of 7 minutes at 72°C. Typical reaction mixtures 
contained 1U Kapa HiFi Taq DNA polymerase, 2.5 μl 10× HiFi buffer with 2.5 mM MgCl2, 
250 μM dNTP’s, 20 pM of each primer and 40 ng of template DNA brought up to a final 
volume of 25 μl with sterile ddH20. Primers aflJ-NcoBstAPI-F1 and prAFLRM1-R1 were 
used to amplify a ~650 bp region extending from the BstAPI restriction site in the aflS gene 
to the PacC binding site at position -487 bp of the aflR promoter (referred to as fragment 
M1(a)). Primer prAFLRM1-R1 contains the PacC binding site mutation, hence the 
amplified M1(a) fragment also has a mutated PacC binding site at its 3′ end. Thereafter, 
primers prAFLRM1-F1 and aflR-NcoBstAPI-R1 were used to amplify an ~1430 bp region 
(referred to as fragment M1(b)) extending from -487 bp (relative to the aflR start codon) to 
the BstAPI restriction site within the ORF of the aflR gene (Figure 2.2A). Primer 
prAFLRM1-F1 also contains the PacC mutation, hence fragment M1(b) contains the 
mutated PacC binding site at its 5′ end (Figure 2.2B).  
Fragments M1(a) and M1(b) have 32 bases of identical overlapping sequences on the 3′ 
and 5′ regions to facilitate joining of these two fragments via SJ-PCR. Amplified PCR 
products and a 1 kb DNA marker (NEB) were electrophoresed as described previously 
(Section 2.2.2). The appropriate band/s were excised using sterile surgical blades from the 
agarose gel and purified using the QiaGen gel extraction kit (according to manufacturer’s 
instructions), and the DNA stored at -20°C until required. 
 
 2.2.3.1.2 Second round PCR: Single Joint PCR 
  Second round PCR reaction mixtures contained 1 U Kapa HiFi Taq DNA polymerase, 
2.5 μl 10 × HiFi buffer with 2.5 mM MgCl2, 250 μM dNTP’s and 50 ng each of fragment 
M1(a) and M1(b) from the first round PCR  and brought up to a final volume of 25 μl with 
sterile ddH20. PCR cycling conditions were 5 minutes at 95°C for initial denaturation 
followed by 10 cycles of denaturation at 95°C for 30 seconds, annealing at 50°C for 20 
minutes and extension at 72°C for 5 minutes, followed by a final extension of 10 minutes at 
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72°C (Yu et al, 2004).  Amplified PCR products were stored at -20°C until required (Figure 
2.2C).  
 
 2.2.3.1.3 Third round PCR: Final extension 
 The polymerase chain reaction (PCR) was used to amplify the complete ~2kb fragment, 
containing the PacC Mutation 1 in the aflR promoter, as follows: 
Reaction mixtures contained 4U Pfu DNA polymerase (Fermentas), 10 μl 10 × High Fidelity 
buffer with 2.5 mM MgCl2, 1 mM dNTP’s, 80 pM primers (aflJ-NcoBstAPI-F1 and aflR-
NcoBstAPI-R1) and 4 µl of second round PCR amplification product brought up to a final 
volume of 100 μl with sterile ddH20. PCR cycling conditions were 5 minutes at 95°C for 
initial denaturation followed by 30 cycles of denaturation at 95°C for 30 seconds, annealing 
at 60°C for 1 minute and extension at 72°C for 5 minutes, followed by a final extension of 10 
minutes at 72°C (Yu et al, 2004). Amplified PCR products and a 1 kb DNA marker (NEB) 
were electrophoresed as described in section 2.2.2. The appropriate band/s were excised, 
purified and the DNA stored as described in section 2.2.2. This fragment containing the 
mutation in the first PacC binding site of the aflR promoter (-487 bp) was then referred to as 
aflS(praflRΔPacCM1)aflR. 
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Figure 2.2: Construction of PacC Mutation 1 in the aflR promoter via SJ-PCR.  
(A) The ~2 kb fragment spanning the region from the BstAPI restriction site of aflS to the BstAPI restriction site 
in the aflR CDS. The aflR/aflS promoter is located in the region between the aflS and aflR CDS (shown in 
green). Also indicated are the various primers used to mutate the PacC binding site within the aflR promoter and 
the position of the PacC binding sites. (B) Fragments M1(a) and M1(b) were amplified from A. flavus 3357 
WT. These fragments contain the first mutated PacC binding site (shown in red). (C) Fragments M1(a) and 
M1(b) were joined by SJ-PCR to form fragment aflS(praflRΔPacCM1)aflR.  
  
Fragment M1(a) Fragment M1(b) 
1st round PCR 
SJ-PCR 
Fragment aflS(praflRΔPacCM1)aflR 
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 2.2.3.2 Construction of PacC Mutation 2 in the aflR promoter via SJ-PCR 
 The second PacC binding site in the aflR promoter was mutated to a HindIII restriction 
site essentially as described above (a graphical summary is shown in figure 2.3), except that 
different primers were used: 
 Primers aflJ-NcoBstAPI-F1 and prAFLRM2-R1 were used to amplify a ~960 bp 
fragment extending from the BstAPI restriction site (in the aflS gene) to the second PacC 
binding site within the aflR promoter (referred to as M2(a)) (Figure 2.3A). This fragment 
contained the mutation in the PacC binding site (5′-GCCARG-3′ to 5′-AAGCTT-3′ mutation) 
at the 3′ end of the amplicon. Primers aflR-NcoBstAPI-R1 and prAFLRM2-F1 were used to 
amplify a ~1120 bp region extending from PacC binding site 2 in the aflR promoter into the 
aflR gene (referred to as M2(b), Figure 2.3A). This fragment contained the mutation in the 
PacC binding site at the 5′ end of the amplicon.  
 Together these two fragments covered a ~2 kb region extending from the BstAPI site of 
aflS to the BstAPI site of aflR, containing a single mutation in the PacC binding site in the 
aflR promoter. Primers prAFLRM2-F1 and prAFLRM2-R1 are complementary hence the 
3′ end of fragment M2(a) and the 5′ end of fragment M2(b) are also complementary, which 
facilitates joining of these two fragments together by SJ-PCR (as described in section 
2.2.3.1.2.) The final extension and purification was performed as described in section 
2.2.3.1.3. The fragment containing the mutation in the second PacC binding site in the aflR 
promoter (at position -162 bp) was then referred to as aflS(praflRΔPacCM2)aflR. 
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Figure 2.3: Construction of PacC Mutation 2 in the aflR promoter via SJ-PCR.  
(A) The ~2 kb fragment spanning the region from the BstAPI restriction site of aflS to the BstAPI restriction site 
in the aflR CDS. The aflR/aflS promoter is located in the region between the aflS and aflR CDS (shown in 
green). Also indicated are the various primers used to mutate the PacC binding site within the aflR promoter and 
the position of the PacC binding sites. (B) Fragments M2(a) and M2(b) were amplified from A. flavus 3357 
WT. These fragments contain the second mutated PacC binding site (shown in red). (C) Fragments M2(a) and 
M2(b) were joined by SJ-PCR to form fragment aflS(praflRΔPacCM2)aflR.  
 
  
Fragment M2(a) Fragment M2(b) 
1st round PCR 
SJ-PCR 
Fragment aflS(praflRΔPacCM2)aflR 
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 2.2.3.3 Construction of the Double PacC Mutation in the aflR promoter via SJ-
PCR  
Both PacC binding sites in the aflR promoter were also mutated to HindIII restriction sites 
(Figure 2.4). PCR was used to amplify two fragments extending from the BstAPI site of aflS 
to the BstAPI site of aflR as follows: Primers aflJ-NcoBstAPI-F1 and prAFLRM2-R1 were 
used to amplify a ~960 bp fragment containing the 1st PacC binding site mutation using the 
aflS(praflRΔPacCM1)aflR construct as the template. This fragment was referred to as 
M1M2(a). Primers aflR-NcoBstAPI-R1 and prAFLRM2-F1 were used to amplify a ~1120 
bp region extending from the aflR promoter into the CDS of the aflR gene fragment 
containing the 2nd PacC binding site mutation (referred to as M1M2(b)), using the 
aflS(praflRΔPacCM2)aflR fragment as the template. Together these two fragments covered a 
~2 kb region extending from the BstAPI site of aflS to the BstAPI site of aflR, containing 
both mutations of the PacC binding site in the aflR promoter. These fragments were joined by 
SJ-PCR (as described in section 2.2.3.1.2). The final extension and purification was 
performed as described in section 2.2.3.1.3. This fragment containing both mutations of the 
PacC binding site (in the aflR promoter) was referred to as aflS(praflRΔPacCM1M2)aflR. 
 
2.2.4 Cloning of aflS(praflRΔPacCM1)aflR, aflS(praflRΔPacCM2)aflR and 
aflS(praflRΔPacCM1M2)aflR into the pGEM T-Easy Vector 
 The ~2 kb fragments containing the mutated PacC binding sites were cloned into the 
pGEM T-Easy vector as follows: 
 Fragments aflS(praflRΔPacCM1)aflR, aflS(praflRΔPacCM2)aflR and 
aflS(praflRΔPacCM1M2)aflR  and the pGEM T-Easy vector was digested overnight with NcoI at 
37°C. Typical restriction digests contained 10 units of enzyme, appropriate buffer/s, 0.5 μg 
DNA and water in a total reaction volume of 25 μl. Digested products were electrophoresed 
and the bands excised and purified from the gel as described previously. The purified 
fragments were separately ligated into the pGEM T-Easy vector using T4 DNA Ligase (New 
England Biolabs, NEB) overnight according to the manufacturer’s instructions. The ligation 
products were transformed into E. coli JM109 strains, and transformants selected for by 
plating on Luria-Bertani agar containing 100 μg/ml ampicillin (LB-Amp) and incubating 
overnight at 37°C.  
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Figure 2.4: Construction of PacC double Mutation in the aflR promoter via SJ-PCR.  
(A) The ~2 kb fragment spanning the region from the BstAPI restriction site of aflS to the BstAPI restriction site 
in the aflR CDS. The aflR/aflS promoter is located in the region between the aflS and aflR CDS (shown in 
green). Also indicated are the various primers used to mutate the PacC binding site within the aflR promoter and 
the position of the PacC binding sites. (B) Fragments M1M2(a) and M1M2(b) were amplified as described in 
section 2.2.3.3. These fragments contain both PacC binding site mutations (shown in red). (C) Fragments 
M1M2(a) and M1M2(b) were joined by SJ-PCR to form fragment aflS(praflRΔPacCM2)aflR.  
  
Fragment M1M2(a) Fragment M1M2(b) 
1st round PCR 
SJ-PCR 
Fragment aflS(praflRΔPacCM1M2)aflR 
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Random colonies appearing on the plates after 16 to 24 hours were inoculated into 5 ml 
LB-Amp broth and incubated at 37°C overnight with shaking at 180 rpm. Plasmids were 
isolated from broth cultures using the QiaGen plasmid DNA isolation kit (QiaGen). Plasmid 
DNA from bacterial transformants was digested with FastDigest NcoI (Fermentas) for 1 hour 
at 37°C, and electrophoresed as described above. Clones having two bands (the 3 kb pGEM 
T-Easy vector and the ~2 kb insert) were selected and further digested with NcoI and HindIII 
to confirm the presence of the appropriate PacC binding site mutation. These clones were 
designated as pES(praflR-M1), pES(praflR-M2) and pES(praflR-M1M2) and contained 
mutations within the aflR of PacC binding site 1, PacC binding site 2 and of both PacC 
binding sites, respectively. Clones were sent to Inqaba Biotech for sequencing to confirm the 
sequence and verify the presence of the respective mutations. 
 
2.2.5 Construction of the aflR Promoter - Green Fluorescent Protein Fusions 
 Primers were designed to  amplify the wildtype aflR promoter (from A. flavus 3357), the 
mutated aflR promoters [with single & double PacC mutations from plasmids  
pES(praflR-M1), pES(praflR-M2) and pES(praflR-M1M2)], the Green Fluorescent Protein 
gene (from plasmid pPRgf-T4, obtained from N.P. Keller, UWI) and the trpC terminator 
(from A. flavus 3357WT). Double-Joint PCR (Yu et al, 2004) was used to create a GFP 
construct under the control of the aflR promoter and the trpC terminator. A schematic of the 
wildtype praflR::gfp::trpC construct is shown in Figure 2.5. These praflR::gfp::trpC 
constructs were generated and cloned into pUC18 as described below. The primers used in 
construction of the aflR::gfp::trpC fusion constructs are shown in Table 2.2. 
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Figure 2.5: Schematic map of the praflR::gfp::trpC construct which shows the A. flavus 3357WT aflR 
promoter (green arrow) fused to the Green Fluorescent Protein (GFP) gene (orange arrow) and the A. 
flavus 3357WT trpC terminator (blue arrow) after DJ-PCR. 
NB: Short green arrows indicate primer binding sites for amplification of the various fragments used for DJ-
PCR (Section 2.2.5.1). The PacC binding sites are shown within the aflR promoter. The GFP and trpC 
sequences do not contain any PacC binding sites. 
 
 
 
Table 2.2: Primers used for construction of praflR::gfp::trpC fragments via DJ-PCR. 
 
Primer Name Amplicon Sequence Characteristic 
prAFLR-KpnI-F1 aflR 
promoter 
5' – AGT CAA GGT ACC GGC TGA GGA TAG CTC GTG AAC AAG G – 3' KpnI site  
prAFLR-SJ-gfp-R1 5'  – CCT TGC TCA TCG TGG AGG TGA GGA AGG AAT TCA GG – 3' 20 bp overlap for  
DJ-PCR gfp-SJ-AFLR-F1 
gfp gene 
5' – CAC CTC CAC GAT GAG CAA GGG CGA GGA ACT GTT CACT GGC – 3' 
GFP-trpC R1 5' – CGT TAA GTG GAT CTC AAG CTT TCA CTT GTA CAG CTC GTC C – 3' 40 bp overlap for 
DJ-PCR trpC-GFP-F1 trpC 
terminator 
5' – GGA CGA GCT GTA CAA GTG AAA GCT TGA GAT CCA CTT AAC G - 3' 
trpC-XbaI-R1 5'– CGA CGG CCA GTG CCA AGC TCT AGA AAG AAG GAT TAC C – 3' XbaI site 
 
NB: KpnI restriction sites are indicated as bold text. Complementary sequences of primers prAFLR-SJ-gfp-R1 and 
gfp-SJ-AFLR-F1 are indicated as underlined and italicised text. Primers GFP-trpC R1 and trpC-GFP-F1 are 100% 
complementary. 
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  2.2.5.1 Construction of praflR::gfp::trpC via DJ-PCR 
 2.2.5.1.1 Amplification of praflR, gfp and trpC  
 The primers prAFLR-KpnI-F1 and prAFLR-SJ-gfp-R1 (Table 2.2) were used to 
amplify the aflR promoter (praflR) from A. flavus 3357WT and plasmids pES(praflR-M1), 
pES(praflR-M2) and pES(praflR-M1M2). The amplified promoters were purified and referred 
to as praflRPacC-WT, praflRΔPacCM1, praflRΔPacCM2 and praflRΔPacCM1M2 for aflR promoter 
fragments containing both PacC binding sites, containing the mutation in PacC binding site 1, 
containing the mutation in PacC binding site 2 and mutations in both PacC binding sites, 
respectively.  
 Primers gfp-SJ-AFLR-F1 and GFP-trpC R1 (Table 2.2) were used to amplify the sGFP 
gene from plasmid pPRgf-T4. Primers trpC-GFP-F1 and trpC-XbaI-R1 (Table 2.2) were 
used to amplify the trpC terminator sequence from A. flavus 3357WT. Primer prAFLR-SJ-
gfp-R1 has a 10 bp sequence that is complementary to the first 10 bp of the GFP gene, primer 
gfp-SJ-AFLR-F1 has a 10 bp sequence that is complementary to the last 10 bp of the aflR 
promoter resulting in a total complementary overlap of 20bp (Table 2.2, indicated as 
underlined and italicised text). Primers GFP-trpC R1 and trpC-GFP-F1 are 100% 
complementary. The overlapping sequences were incorporated into the various amplicons 
that were generated and facilitated fusion of the different aflR promoters to the sGFP gene 
and trpC terminator sequence by Double-Joint PCR (DJ-PCR, Yu et al, 2004). Primers 
prAFLR-KpnI-F1 and trpC-XbaI-R1 have KpnI and XbaI sites, respectively, (indicated as 
bold and underlined text) to facilitate cloning of the praflR::gfp::trpC fusion construct into 
pUC18. 
 PCR cycling conditions were 5 minutes at 95°C for initial denaturation followed by 30 
cycles of denaturation at 95°C for 1 minute, annealing at 58°C for 1 minute and extension at 
72°C for 1 minute, followed by a final extension of 7 minutes at 72°C. Typical reaction 
mixtures contained 4 U Pfu DNA polymerase (Fermentas), 10 μl 10 × High Fidelity buffer 
with 2.5 mM MgCl2, 1 mM dNTP’s, 80 pM of each primer and 40 ng of template DNA 
brought up to a final volume of 100 μl with sterile ddH20. Amplified PCR products and a 1 
kb DNA marker were electrophoresed electrophoresed as described in section 2.2.2. The 
appropriate band/s were excised and purified as decribed previously and the DNA stored at -
20°C until required. 
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 2.2.5.1.2 Fusion of praflR, gfp and trpC via DJ-PCR 
 Double-Joint PCR was used to create fusions of the aflR promoter, sGFP and the trpC 
terminator. This was done as follows: Reaction mixtures containing 1 U Pfu DNA 
polymerase (Fermentas), 2.5 μl 10x High Fidelity buffer with 2.5 mM MgCl2, 250 μM 
dNTP’s, the  appropriate aflR promoter (50 ng), gfp gene (150 ng) and trpC terminator (50 
ng) fragments (i.e. ratio of 1:3:1) from the first round PCR (sections 2.2.3.1, 2.2.3.2 and 
2.2.3.3) were brought up to a final volume of 25 μl with sterile ddH20. PCR cycling 
conditions were 5 minutes at 95°C for initial denaturation followed by 10 cycles of 
denaturation at 95°C for 30 seconds, annealing at 50°C for 20 minutes and extension at 72°C 
for 5 minutes, followed by a final extension of 10 minutes at 72°C (Yu et al, 2004).  
Amplified PCR products were stored at -20°C until required.  
   
 2.2.5.1.3 Third round PCR: Final extension 
 PCR was used to amplify the complete praflR::gfp::trpC fusion products (~2.2 kb) from 
the DJ-PCR mixture as follows: 
 Reaction mixtures containing 4 U Pfu DNA polymerase (Fermentas), 10 μl 10x High 
Fidelity buffer with 2.5 mM MgCl2, 1 mM dNTP’s, 80 pM primers (prAFLR-KpnI-F1 and 
trpC-XbaI-R1) and 4 µl of the DJ-PCR reaction mixture were brought up to a final volume 
of 100 μl with sterile ddH20. PCR cycling conditions were 5 minutes at 95°C for initial 
denaturation followed by 30 cycles of denaturation at 95°C for 30 seconds, annealing at 60°C 
for 1 minute and extension at 72°C for 3 minutes, followed by a final extension of 10 minutes 
at 72°C (Yu et al, 2004). Amplified PCR products and a 1kb DNA marker were 
electrophoresed as described in section 2.2.2. The appropriate band/s were excised, purified 
and the DNA stored at -20°C until required. The following fusions were successfully 
generated: 
1. The wildtype aflR promoter was fused to the sGFP gene and the trpC terminator 
and was referred to as  praflRWTgfptrpC, 
2. The aflR promoter containing the mutation in PacC binding site 1 was fused to the 
sGFP gene and the trpC terminator and was referred to as  praflRM1gfptrpC, 
3. The aflR promoter containing the mutation in PacC binding site 2 was fused to the 
sGFP gene and the trpC terminator and was referred to as  praflRM2gfptrpC, 
4. and the aflR promoter containing mutations PacC binding site 1 and 2 was fused 
to the sGFP gene and the trpC terminator and was referred to as 
praflRM1M2gfptrpC. 
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 2.2.6 Cloning of the praflR::gfp::trpC Fusion Constructs into pUC18 
 The ~2.2 kb praflR::gfp::trpC fusion constructs containing the aflR promoter with the 
wildtype and mutated PacC binding sites were cloned into the pUC18 plasmid as follows: 
Fragments praflRWTgfptrpC, praflRM1gfptrpC, praflRM2gfptrpC and praflRM1M2gfptrpC 
and the pUC18 vector were digested overnight with the KpnI and XbaI restrictions enzyme at 
37°C. Typical restriction digests contained 10 U of each enzyme, appropriate buffer/s, 0.5 μg 
DNA and water in a total reaction volume of 25 μl. Digested products were electrophoresed 
as described in section 2.2.2. The purified fragments were separately ligated into the pUC18 
vector as described in Section 2.2.4. The ligation products were transformed into E. coli 
DH5α and random colonies appearing on the plates after 16 to 24 hours were screened for the 
presence of the plasmid using the QiaGen plasmid isolation kit (QiaGen). Plasmid DNA was 
digested with 10 U FastDigest HindIII (Fermentas) for 1 hour at 37°C to confirm the 
presence of the desired PacC mutation, and electrophoresed as described above. Clones 
having the appropriate band sizes were selected for further genetic manipulations  and were 
referred to as pESgfp(praflRWT), pESgfp(praflRM1), pESgfp(praflRM2) and 
pESgfp(praflRM1M2) (see Figure 2.6 for plasmid maps). Positive clones were sent to Inqaba 
Biotech for sequencing to verify the presence of the PacC mutations. These plasmids were 
then used to transform A. flavus 3357.5. Positive fungal transformants were screened by 
growing transformants under acidic conditions and screening fungal mycelia for GFP 
fluorescence by microscopy under UV illumination.  
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Figure 2.6: Plasmid maps pESgfp(praflRWT), pESgfp(praflRM1), pESgfp(praflRM2) and 
pESgfp(praflRM1M2) which contain the A. flavus 3357 aflR promoter (green arrow) fused to the Green 
Fluorescent Protein (GFP) gene (orange arrow) and the A. flavus 3357WT trpC terminator (blue arrow). 
NB: The mutated PacC binding sites within the aflR promoter are shown on the plasmid maps. The GFP and 
trpC sequences do not contain any PacC binding sites. 
  
     pESgfp(praflRWT)      pESgfp(praflRM1) 
     pESgfp(praflRM2)      pESgfp(praflRM1M2) 
× 
× × × 
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 2.2.7 Fungal Transformation  
 
 2.2.7.1 Generation of Protoplasts  
Fungal transformations were performed according to modifications of the methods of 
Woloshuk et al (1989). Confluent cultures of A. flavus 3357.5 (pyrG-) were grown on 
stabilised minimal media (SMM) plates [50 ml/l 20 x salts with NaNO3
 
(7 mM); 1 ml/l trace 
elements; 55.5 mM glucose (dextrose); 1.0 g/l yeast extract; 16 g/l agar adjusted to pH 6.5 
with NaOH] containing the appropriate supplements (0.56 g/l uracil; 1.26 g/l uridine) and 1.2 
M sorbitol for 3 to 4 days at 28°C. Spores were collected by scraping into 10 ml sterile 
ddH20 containing 0.1% Tween-80. Spores were quantified with a haemocytometer and 1 x 
109 spores inoculated into 500 ml of sterile defined minimal medium [25 ml/l 20 x salts with 
NaNO3 (7 mM); 0.5 ml/l trace elements; 55.5 mM glucose (dextrose); 0.5 g/l yeast extract 
adjusted to pH 6.5 with NaOH, containing the appropriate supplements (0.56 g/l uracil; 1.26 
g/l uridine)] and incubated at 28°C on a rotary shaker (300 rpm) for approximately 8 hours or 
until the cultures had an abundance of young germlings in small aggregates.  
The cultures were harvested by filtration through sterile Miracloth (Sigma-Aldrich) and 
the mycelia washed with 50 ml wash solution (0.6 M MgSO4). Thereafter ~1.0 g of mycelia 
was transferred to a 100 ml Erlenmeyer flask, re-suspended in 10 ml osmotic medium (1.2 M 
MgSO4; 10 mM sodium phosphate buffer (adjusted to pH 5.8 with 1 M Na2HP04) and 
vortexed gently. Lysing enzymes (45 mg) from Trichoderma harzianum (Sigma-Aldrich), 
cellulase (45 mg), Yatalase (45 mg, Takara) and BSA (1.2 mg/ml) were added to the 
Erlenmeyer flask containing the fungal cultures in the osmotic medium, mixed and incubated 
on ice for 5 minutes. Thereafter, the flasks were shaken for 4 hours at 80 rpm at 28°C. 
Protoplast formation was monitored microscopically every 60 minutes. Once sufficient 
protoplasts had formed, the cell suspension was transferred directly into a sterile 30 ml Corex 
tube and very gently overlaid with 10 ml trapping buffer (0.6 M sorbitol; 0.1 M Tris-HCl at 
pH 7.0) and centrifuged at 2 500 xg for 15 minutes at 4°C. The protoplasts were removed 
from the interface and transferred into a new 15 ml Falcon tube. The remaining trapping 
buffer was removed and the pellet re-suspended in the remaining osmotic medium. The 
protoplasts were overlaid once more with 10 ml trapping buffer and centrifuged as above. 
Protoplasts were again removed from the interface and pooled with those from the first 
centrifugation step. The protoplast suspension was diluted with at least 2 volumes of STC 
buffer (1.2 M sorbitol; 10 mM Tris.HCl at pH 7.5; 10 mM CaCl2) and centrifuged at 3 500 
xg for 8 minutes. The supernatant was discarded and the pellet resuspended in 0.2 ml STC 
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buffer and stored on ice. Samples of the protoplasts were diluted 500 times and counted using 
a haemocytometer to determine protoplast concentration.  
 
 2.2.72 Protoplast transformation  
Approximately 6 μg of the desired plasmid DNA [pESgfp(praflRWT), pESgfp(praflRM1), 
pESgfp(praflRM2) and pESgfp(praflRM1M2)] was digested with XbaI at 37°C for 4 hours to 
linearise the vector and to improve transformation efficiency and single copy integration in A. 
flavus via Restriction Enzyme Mediated Integration (REMI) of the plasmid (Shi et al, 1995). 
Additionally plasmid p74.1 which contains the A. parasiticus pyrG gene was digested with 
XbaI to release pyrG and co-transformed with the pESgfp plasmid constructs into A. flavus 
3357.5 (pyrG-). The unpurified restriction products were separately mixed with STC buffer to 
a total volume of 100 μl and then mixed with 100 μl of protoplast solution (1 x 107 
protoplasts) and incubated for 50 minutes on ice. Thereafter, 1.25 ml of PEG solution (60% 
PEG4000; 10 mM CaCl2; 10 mM Tris.HCl at pH 7.5) was added to the DNA-protoplast 
mixture and mixed gently by turning the tube on its side and rotating it. The tubes were 
incubated at room temperature for 20 minutes. Thereafter, 5 ml of STC buffer was added to 
each tube and mixed gently. Aliquots (1 ml) were taken and mixed with molten top-agar 
(GMM), plated onto selective media (GMM supplemented with sorbitol but lacking uridine 
and uracil) and incubated overnight at 28°C. Putative transformants were transferred to GMM 
plates buffered to pH 6.5 to allow for recovery of mutants. Once transformants had 
sufficiently recovered, they were transferred to fresh GMM agar plates adjusted to pH 4.0 
(with 100 mM Citric acid) and incubated at 28°C. 
 
 2.2.7.3 Screening for Positive Transformants  
 Transformants containing the praflR::gfp::trpC constructs were preliminarily screened by 
fluorescence microscopy under aflatoxin inducing (acidic) conditions. Putative positive 
transformants were screened by PCR for the presence of the praflRgfptrpC construct.  Several 
loopfuls of conidia from the putative transformants were inoculated into liquid GMM 
supplemented with 5 g yeast extract per litre and incubated at 28°C overnight (16-24 hours) for 
genomic DNA isolation (as described in Section 2.2.2). Thereafter, PCR was performed to 
amplify the ~2.2 kb praflR::gfp::trpC fusion products from genomic DNA (as described in 
Section 2.2.5.1.2). The PCR products were digested with HindIII and electrophoresed on a 
1% agarose gel to confirm the presence of the correct praflR::gfp::trpC fusion product in the 
positive transformants.  
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  2.2.8 Fluorescence Microscopy to Monitor GFP Expression 
 Positive transformants were grown on glucose minimal media plates (GMM) containing 
the appropriate supplements (0.56 g/l uracil; 1.26 g/l uridine) for 2 to 3 days at 28°C. Spores 
were collected by scraping into 10 ml sterile ddH20 containing 0.1% Tween-20 and 
quantified with a haemocytometer. Approximately 1 x 106 spores of each positive 
transformant was inoculated (separately) onto GMM agar plates adjusted to pH 4.5 (with 100 
mM Citric acid) and pH 8.0 (with 100 mM Tris base) and incubated at 28°C for 4 days (Price 
et al, 2005). A loopful of mycelia was placed onto a clean microscope slide and viewed on 
the Olympus BX-60 fluorescence microscope. GFP was detected by green fluorescence after 
excitation under UV light using the FITC filter to exclude background fluorescence. Images 
were captured using the Analysis LS Research software (Zeiss). 
 
 2.2.9 Fluorimetric Quantification of GFP Expression to Analyse pH Regulation of the 
aflR Promoter  
 To determine if PacC regulates aflR promoter activity at alkaline pH, the transformants 
expressing GFP under the control of the wildtype and mutated aflR promoters were analyzed 
for production of GFP.  Aspergillus flavus 3357 and transformants harboring the various 
praflR::gfp::trpC constructs were grown on stabilized minima media (SMM) as described in 
section 2.2.7.1. Spores were collected by scraping into 10 ml sterile ddH20 containing 0.1% 
Tween-80 and quantified with a haemocytometer. Spores (1 × 106/ml) of each transformant 
were inoculated in triplicate into 24 well cell culture plates containing 1.5 ml Sucrose Low 
Salts (SLS) broth containing ammonium sulphate (117 mM) as the sole nitrogen source and 
grown at 28°C for 48 hours in the dark. Furthermore the pH of the medium was adjusted to 
pH 4.5 with citric acid (100 mM) or pH 8.0 with Tris (100 mM).  
 GFP was extracted according to a modified protocol of Rajasekaran et al (2008). The 
mycelial mat was harvested, dried briefly with sterile paper towels, weighed and transferred 
to a 2 ml Eppendorf tube and snap frozen in liquid nitrogen. The mycelial tissue was crushed 
in 500 ul of phosphate buffer (50 mM, pH 7.2) and mixed well by vortexing. The tubes were 
centrifuged at 8200 xg for 10 minutes. The supernatant was transferred into a new Eppendorf 
tube and stored at -80°C until required. 
 Quantification of GFP was performed according to a method modified from Johansen et 
al (2007). Commercial recombinant green fluorescent protein, rGFP (Roche) was used to 
generate standard curves for GFP quantification. Serial dilutions (1µg/ml to 0.1ng/ml) of 
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rGFP were made in 50 mM phosphate buffer (pH 7.2). 100 µl of each dilution and GFP 
extract (from transformants) were separately transferred (in triplicate) into black 96 well 
micro-titre plates (Nunc). GFP was quantified by measuring the fluorescence intensity using 
the Fluoroskan Ascent FL machine configured such that excitation was 485nm and emission 
measured at 518nm. The fluorescence intensity values of purified rGFP standard were 
imported into Microsoft Excel and used to generate a standard curve from which the GFP 
concentration in the extracts of the fungal transformants were extrapolated. The GFP levels 
were then adjusted according to the mass of fungal tissue used for GFP extraction. This was 
done to determine the concentration of GFP per mg of fungal tissue. A. flavus is known to 
produce background blue-green-yellow fluorescence (BGYF) that will be detected as GFP 
fluorescence by the spectrofluorometer (Rajasekaran et al, 2008). In order to obtain the true 
GFP production levels the mass adjusted background GFP levels (due to BGYF) from 
untransformed A. flavus was subtracted from the calculated GFP levels of the transformants.      
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2.3 RESULTS AND DISCUSSION 
  
 2.3.1 Mutation of the PacC Binding Sites within the aflR Promoter and Construction 
of the pES(praflR-M1), pES(praflR-M2) and pES(praflR-M1M2) Plasmids 
Fragments  M1(a) (640 bp) , M1(b) (1430 bp),  M2(a) (960 bp), M2(b) (1120 bp),  
M1M2(a) (960 bp), M1M2(b) (1120 bp), were successfully amplified via PCR from A. 
flavus 3357WT (Figure 2.7). These fragments introduced the mutation in the PacC binding 
site (5′-GCCARG-3′ to 5′-AAGCTT-3′) at the appropriate position within the aflR promoter 
(as described in Section 2.2.3).  
These fragments were gel purified and the appropriate fragments fused together via SJ-
PCR to successfully construct fragments aflS(praflRΔPacCM1)aflR which contained the 
mutation in PacC binding site 1 (Figures 2.2C and 2.8), aflS(praflRΔPacCM2)aflR which 
contained the mutation in PacC binding site 2 (Figures 2.3C and 2.8) and 
aflS(praflRΔPacCM1M2)aflR which contained mutations in PacC binding sites 1 and 2 (Figures 
2.4C and 2.8).  
Amplified fragments aflS(praflRΔPacCM1)aflR, aflS(praflRΔPacCM2)aflR and 
aflS(praflRΔPacCM1M2)aflR were purified, digested with NcoI and ligated into the pGEM T-
Easy vector (Promega). Several positive clones were obtained after screening (data not 
shown) and positive clones were screened by digesting with NcoI and HindIII (double digest) 
to verify the presence of the various mutations in the PacC binding sites within the aflR 
promoter (Figure 2.9). Mutations that were introduced into each plasmid were verified by 
sequencing. In this study, all six bases of the PacC recognition sequence in each of the two 
PacC binding sites within the aflR promoter were successfully mutated to HindIII restriction 
sites (5′-AAGCTT-3′). This was verified by sequencing and restriction analysis of the 
respective plasmids. Previous analysis of the interaction between the PacC protein and its 
DNA recognition site has shown that nearly every nucleotide in both strands of the PacC 
binding  site (5′-GCCARG-3′) interacts with Zinc fingers 2 and 3 of the PacC protein (Espeso 
et al, 1996, Penalva and Arst, 2002). Electrophoretic Mobility Shift Assays (EMSA) have 
further shown that a single base pair mutation of the PacC binding site (5′-GCCAAG-3′ to 5′-
GCCAAC-3′) was sufficient to prevent PacC protein binding to the mutated site (Ehrlich et 
al, 1999a). Thus, it appears that a change in the terminal base of the recognition sequence is 
sufficient to prevent PacC binding. However, in this study it was decided to mutate all 6 
bases of the PacC recognition sequence to ensure that there was no possibility of the PacC 
protein being able to recognise or bind to any of the mutated site/s within the aflR promoter.  
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Figure 2.7: Agarose gel electrophoresis of various PCR amplified aflS-aflR fragments used for 
construction of aflS(praflRΔPacCM1)aflR, aflS(praflRΔPacCM2)aflR and aflS(praflRΔPacCM1M2)aflR. 
These fragments contain the mutations in the PacC binding sites within the aflR promoter.  
Lane 1: NEB 1 KB DNA ladder; Lane 2:  M1(a) (640 bp); Lane 3: M1(b) (1430 bp); Lane 4:  M2(a) (960 bp); 
Lane 5: M2(b) (1120 bp); Lane 6:  M1M2(a) (960 bp); Lane 7:  M1M2(b) (1120 bp). NB: Empty lanes have 
been removed from the image and panels aligned relative to the marker. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Agarose gel electrophoresis after Single-Joint PCR (SJ-PCR) to generate fragments 
aflS(praflRΔPacCM1)aflR, aflS(praflRΔPacCM2)aflR and aflS(praflRΔPacCM1M2)aflR.   
Lane 1: NEB 1 KB DNA ladder; Lanes 2-5: aflS(praflRΔPacCM1)aflR (2080 bp); Lanes 6-9: 
aflS(praflRΔPacCM2)aflR (2080 bp); Lanes 10-13: aflS(praflRΔPacCM1M2)aflR (2080 bp). These fragments were 
excised from the gel, purified (as described in Section 2.2.3.1.3), digested and ligated into the pGEM T-Easy 
Vector (as described in Section 2.2.4). NB: Empty lanes have been removed from the image and panels aligned 
relative to the marker. 
 
  
 
3 4 5 6 7 1 2 
5.0kb 
4.0kb 
6.0kb 
1.5kb 
2.0kb 
3.0kb 
10.0kb 
1.0kb 
0.5kb 
8 0kb 
   
~2.1kb 
3 8 9 10 11 12 4 5 6 7 1 2 13 
49 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Agarose gel electrophoresis of plasmids pES(praflR-M1), pES(praflR-M2) and pES(praflR-
M1M2) digested with NcoI and HindIII. 
The banding patterns observed are due to the presence and locations of the mutations within the PacC binding 
site/s in the aflR promoters. Expected band sizes are indicated in brackets. 
Lane 1: NEB 1 KB DNA ladder; Lanes 2: pES(praflR-M1) [3015 bp, 1428 bp and 637 bp]; Lane 3: pES(praflR-
M2) [3015 bp, 1103 bp and 962 bp]; Lane 4: pES(praflR-M1M2) [3015 bp, 1103 bp, 637 bp and 325 bp]. NB: 
Empty lanes have been removed from the image. 
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 2.3.2 Construction of Plasmids pESgfp(praflRWT), pESgfp(praflRM1), 
pESgfp(praflRM2) and pESgfp(praflRM1M2) 
The wildtype aflR promoter and aflR promoters containing the PacC binding site 
mutations were successfully amplified from A. flavus 3357 WT genomic DNA and plasmids 
pES(praflR-M1), pES(praflR-M2) and pES(praflR-M1M2) (data not shown). Furthermore, the 
gfp gene and trpC terminator were also successfully amplified from plasmid pRRgf-T4 and 
A. flavus 3357 WT genomic DNA (data not shown). The praflR::gfp::trpC fusion constructs 
containing the wildtype and mutated aflR promoters were successfully created by double-
joint PCR (Figures 2.5 and 2.10). The final amplified fragments were of the expected size of 
approximately 2.2 kb since the aflR promoter, gfp and trpC sequence lengths were 748 bp, 
717 bp and 732 bp, respectively.  
These fragments were successfully cloned into the pUC18 vector and thereafter the 
plasmid DNA was successfully digested with HindIII to confirm the presence of the 
mutations introduced into the PacC binding site/s in the aflR promoter. Plasmid 
pESgfp(praflRWT) yielded two bands that were 4108 bp and 750 bp in length, 
pESgfp(praflRM1) yielded three bands that were 2904 bp, 1204 bp and 750 bp in length, 
pESgfp(praflRM2) yielded three bands that were 3229 bp, 879 bp and 750 bp in length and 
pESgfp(praflRM1M2) yielded four bands that were 2904 bp, 879 bp, 750 bp and 325 bp in 
length (Figure 2.11). These band sizes were as predicted by in silico restriction analysis of the 
plasmid sequences with HindIII (NEB Cutter, www.neb.com). 
The Single-Joint and Double-Joint PCR techniques facilitated the efficient mutation of 
the PacC binding site/s within the aflR promoter and joining of different DNA fragments to 
form the desired expression construct. Furthermore, the SJ-PCR and DJ-PCR techniques 
eliminated the necessity for multiple cloning steps that would have otherwise been required 
to generate the mutations in the PacC binding sites within the aflR promoter and for 
construction of the praflR::gfp::trpC fusion constructs.    
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Figure 2.10: Generation of fragments praflRWTgfptrpC, praflRM1gfptrpC, praflRM2gfptrpC and 
praflRM1M2gfptrpC via Double-Joint PCR.   
Lane 1: NEB 1 KB DNA ladder; Lanes 6, 11, 16: Blank; Lanes 2-5: praflRWTgfptrpC (2217 bp); Lanes 7-10 
praflRM1gfptrpC (2217 bp); Lanes 12-15: praflRM2gfptrpC (2217 bp); Lanes 17-20: praflRM1M2gfptrpC 
(2217 bp). The ~2.2 kb band fragments were excised from the gel, purified (as described in Section 2.2.5.1.2), 
digested (with KpnI and XbaI) and ligated into the pUC18 vector (as described in Section 2.2.6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11: HindIII restriction profiles of Plasmids pESgfp(praflRWT), pESgfp(praflRM1), 
pESgfp(praflRM2) and pESgfp(praflRM1M2) to confirm the presence of the various praflRgfptrpC inserts. 
Lanes 1, 3, 5 & 7: NEB 1 KB DNA ladder; Lane 2: pESgfp(praflRWT) [4108 bp, 750 bp]; Lane 4: 
pESgfp(praflRM1) [2904 bp, 1204 bp, 750 bp]; Lane 6: pESgfp(praflRM2) [3229 bp, 879 bp, 750 bp]; Lane 8: 
pESgfp(praflRM1M2) [2904 bp, 879 bp, 750 bp, 325 bp].  
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 2.3.3 Confirmation of A. flavus Transformants Containing Plasmids 
pESgfp(praflRWT), pESgfp(praflRM1), pESgfp(praflRM2) and 
   pESgfp(praflRM1M2) 
Protoplasts of A. flavus 3357.5 were also transformed with the pESgfp(praflRWT), 
pESgfp(praflRM1), pESgfp(praflRM2) and pESgfp(praflRM1M2) plasmids. Confirmation of the 
presence and integrity of the 2.2 kb praflR::gfp::trpC fusion constructs was done by PCR 
amplification and subsequent HindIII digestion of these fragments from putative 
transformants (data not shown). Digestion with HindIII verified that the PacC binding site 
mutations remained intact, within the aflR promoter, after transformation (Figures 2.12 and 
2.13). Positive clones harbouring the praflRWTgfptrpC constructs generated two bands of 
~1470 bp and 745 bp after digestion of the praflRWTgfptrpC amplicon with HindIII. These 
positive fungal transformants were referred to as GFP-WT. Positive clones harbouring the 
praflRM1gfptrpC construct generated three bands with lengths of 1204 bp, 745 bp, 268 bp 
after digestion of the amplicon with HindIII.  Positive clones harbouring the praflRM2gfptrpC 
construct generated three bands with lengths of 879 bp, 745 bp, 593 bp after digestion of the 
amplicon with HindIII. Positive clones harbouring the praflRM1M2gfptrpC construct 
generated four bands with lengths of 879 bp, 745 bp, 325 bp, 268 bp after digestion of the 
amplicon with HindIII.  Positive fungal transformants harbouring the praflRM1gfptrpC, 
praflRM2gfptrpC and praflRM1M2gfptrpC constructs were referred to as GFP-M1, GFP-M2 
and GFP-M1M2, respectively. The banding patterns of positive clones were identical to that 
predicted by in silico restriction analysis of the various praflR::gfp::trpC constructs with 
HindIII. This confirmed that these transformants contained the appropriate praflR::gfp::trpC 
constructs. These positive transformants were then analysed by fluorescence microscopy to 
determine if they expressed the GFP protein.  
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Figure 2.12: PCR fragments praflRWTgfptrpC amplified from GFP-WT transformants were digested with 
HindIII to confirm positive praflR::gfp::trpC transformants. 
Expected band lengths for positive clones after digestion are indicated in brackets. 
Lane 1: NEB 1 KB DNA ladder; Lane 2: GFP-WT putative clone 1; Lane 3: GFP-WT putative clone 2; Lane 4: 
GFP-WT putative clone 3; Lane 5: GFP-WT positive clone 4 (1472 bp, 745 bp); Lane 6: GFP-WT putative 
clone 5; Lane 7: GFP-WT positive clone 6 (1472 bp, 745 bp); Lane 8: GFP-WT putative clone 7; Lane 9: GFP-
WT putative clone 8; Lane 10: GFP-WT positive clone 9 (1472 bp, 745 bp); Lane 11: GFP-WT putative clone 
10.  
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 2.13: PCR fragments praflRM1gfptrpC, praflRM2gfptrpC and praflRM1M2gfptrpC amplified from 
GFP-M1, GFP-M2 and GFP-M1M2 transformants were digested with HindIII to confirm positive 
praflR::gfp::trpC transformants. 
Expected band lengths after digestion are indicated in brackets. 
Lane 1: NEB 1 KB DNA ladder; Lane 2: GFP-M1 clone 5 (1204 bp, 745 bp, 268 bp); Lane 3: GFP-M1 clone 11 
(1204 bp, 745 bp, 268 bp); Lane 4: NEB 1 KB DNA ladder; Lane 5: GFP-M2 clone 3 (879 bp, 745 bp, 593 bp); 
Lane 6: GFP-M2 clone 4 (879 bp, 745 bp, 593 bp);  Lane 7: NEB 1 KB DNA ladder; Lane 8: GFP-M1M2 clone 
6 (879 bp, 745 bp, 325 bp, 268 bp); Lane 9: GFP-M1M2 clone 7 (879 bp, 745 bp, 325 bp, 268 bp).  
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  2.3.4 Fluorescence Microscopy to Monitor GFP Expression 
In order to determine if the various praflR::gfp::trpC constructs in the fungal  
transformants were functional and capable of expressing GFP, fungal transformants were 
cultured as described in Section 2.2.8 without uracil and uridine. Thereafter, cultures were 
examined for GFP fluorescence on the Olympus BX-60 microscope (Zeiss) under UV 
illumination. The GFP-WT transformants did express GFP at acidic pH, although the 
fluorescence was weak (Figure 2.14A). This implied that aflR promoter activity was not very 
high in the GFP-WT transformants. From the microscopy data alone, no plausible 
explanation could initially be derived for this result. However, subsequent RT-qPCR analysis 
(Chapter 4) has shown that such fluorescence may be due to residual activity of PacC at 
acidic pH. Under alkaline conditions, the GFP-WT transformants appeared very similar to A. 
flavus cultures not expressing GFP, although some GFP was visible (data not shown). This 
implied that the GFP-WT clones produced extremely low levels of GFP that was almost 
undetectable at alkaline conditions (Figure 2.14B). This was expected since the transformants 
were expressing GFP under the control of the wildtype aflR promoter which contains both 
PacC bindings sites. Thus, at alkaline pH, PacC negatively regulates aflR promoter activity.  
The GFP-M1 transformants fluoresced very brightly at acidic pH which implied that GFP 
was highly expressed in these transformants (Figure 2.15A). This implied that the aflR 
promoter containing the PacC binding site 1 mutation was still functional and active, leading 
to production and accumulation of GFP. Furthermore, at an alkaline pH there was visible 
GFP fluorescence although this was not as bright or as intense as at an acidic pH (Figure 
2.15B). It should also be noted that at alkaline pH, the GFP-M1 transformants photo-bleached 
very quickly which also contributed to reduced GFP fluorescence. Nonetheless, the GFP-M1 
transformants appeared to be producing GFP at an alkaline pH, implying that mutation of 
PacC binding site 1 within the aflR promoter of these clones did not completely alleviate 
PacC inhibition of the aflR. 
The GFP-M2 transformants containing the aflR promoter in which PacC binding site 2 
was mutated also fluoresced very brightly at acidic pH (Figure 2.16A). This implied that the 
aflR promoter was functional and active, leading to production and accumulation of GFP in 
these transformants. Furthermore, at alkaline pH GFP fluorescence appeared to be just as 
bright and intense as at an acidic pH (Figure 2.16B). This implies that mutation of PacC 
binding site 2 within the aflR promoter in these clones drastically suppressed PacC inhibition 
of aflR promoter. Thus, it appeared that at alkaline pH mutation of PacC binding site 2 within 
the aflR promoter had a greater effect than mutation of PacC binding site 1. 
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The GFP-M1M2 transformants fluoresced very brightly at both acidic and alkaline pH 
(Figure 2.17), although it appeared that GFP accumulated at relatively higher levels in 
mycelia than in conidia. This implied that the aflR promoter in which both PacC binding sites 
1 and 2 had been mutated, was active leading to production and accumulation of GFP in these 
transformants (Figure 2.17A) at any pH. Furthermore, fluorescence intensity of GFP-M1M2 
appeared slightly higher than that of GFP-M2 at both acidic and alkaline pH. This implied 
that mutation of both PacC binding sites within the aflR promoter completely prevented 
negative regulation by PacC leading to apparently higher GFP production in comparison to 
GFP-M2. 
Thus, fluorescence microscopy has shown that the various praflR::gfp::trpC constructs 
were indeed functional, leading to GFP expression at acidic pH. At alkaline pH, GFP 
fluorescence appeared to be dependent on the position and number of PacC binding sites 
which were mutated within the aflR promoter. This implied that PacC is indeed responsible 
for negative regulation of aflR promoter activity at alkaline pH. Fluorescence microscopy 
alone was not sufficient to determine if PacC represses aflR promoter activity by binding to 
either one or both of its recognition sites within the aflR promoter.  
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Figure 2.14: Fluorescence microscopy of GFP-WT (clone 6) which harbours the praflRWTgfptrpC 
construct that expresses GFP under the control of the wildtype aflR promoter. Cultures were grown on 
Glucose Minimal Medium (GMM) at (A) acidic pH (pH 4.5) and (B) alkaline pH (pH 8.0). 
 
 
 
 
 
 
 
 
 
 
 
(A)   (B) 
 
 
Figure 2.15: Fluorescence microscopy of GFP-M1 (clone 5) which harbours the praflRM1gfptrpC 
construct that expresses GFP under the control of the aflR promoter in which PacC binding site 1 was 
mutated. Cultures were grown on Glucose Minimal Medium (GMM) at (A) acidic pH (pH 4.5) and (B) alkaline 
pH. 
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Figure 2.16: Fluorescence microscopy of GFP-M2 (clone 3) which harbours the praflRM2gfptrpC 
construct that expresses GFP under the control of the aflR promoter in which both PacC binding site 1 
and 2 were mutated. Cultures were grown on Glucose Minimal Medium (GMM) at (A) acidic pH (pH 4.5) and 
(B) alkaline pH. 
 
 
 
 
 
 
 
 
 
 
 
(A) (B) 
 
 
Figure 2.17: Fluorescence microscopy of GFP-M1M2 (clone 6) which harbours the praflRM1M2gfptrpC 
construct that expresses GFP under the control of the aflR promoter. Cultures were grown on Glucose 
Minimal Medium (GMM) at (A) acidic pH (pH 4.5) and (B) alkaline pH. 
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 2.3.5 Fluorimetric Quantification of GFP Expression to Analyse pH Regulation of the 
aflR Promoter 
The fungal transformants were analysed for GFP production as described in Section 2.2.9. 
From Figure 2.18(A) it can be seen that all transformants expressed GFP under acidic 
conditions. However, it appeared that the GFP-WT and GFP-M1M2 clones produced the 
most GFP at acidic pH on Sucrose Low Salts medium supplemented with ammonium 
sulphate. GFP-M1 and GFP-M2 appeared to have produced less GFP than GFP-WT and 
GFP-M1M2. In contrast at alkaline pH, GFP-WT produced the least amount of GFP. 
Furthermore, there appears to be a progressive increase in GFP production that is 
proportional to the position of the PacC binding site mutations within the aflR promoter i.e. 
GFP-M2 produced more GFP than GFP-M1. This implies that PacC binding site 2 (which is 
closer to the aflR start codon) is more important than PacC binding site 1 for negative 
regulation of aflR promoter activity by PacC at alkaline pH. Thus it appears that PacC binds 
preferentially to PacC binding site 2 within the aflR promoter at alkaline pH. However, 
mutation of both PacC binding sites has the highest effect on GFP production at alkaline pH, 
which implies that PacC may also bind to site 1 within the aflR promoter albeit at very low 
levels.  
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Figure 2.18: Spectrofluorimetric quantification of GFP production by fungal transformants expressing 
GFP under the control of the wildtype and mutated aflR promoters.  
Biological duplicates of each fungal transformant were grown on Sucrose Low Salts medium supplemented with 
ammonium sulphate at acidic pH (pH 4.5) and alkaline pH (pH 8.0) in triplicate. Thereafter GFP was extracted 
and quantified spectrofluorimetrically. The average (of the six measurement taken for each strain) GFP 
production (µg/ml/mg tissue) was then determined and plotted in Microsoft Excel®.  
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2.4 GENERAL DISCUSSION AND CONCLUSIONS 
The objective of this study was to mutate the PacC binding site/s within the aflR promoter 
of A. flavus and investigate PacC regulation of the aflR promoter. This was done to determine 
if PacC is responsible for negative regulation of the aflR promoter at alkaline pH, thus 
preventing aflR expression. Since several aflatoxin biosynthetic cluster genes require 
activation by AflR, repression of aflR expression by PacC would result in repression of 
aflatoxin biosynthesis at alkaline pH. 
Sequence analysis of the A. flavus 3357 aflR promoter indicated the presence of two PacC 
binding sites within the aflR promoter. Single-Joint PCR (Yu et al, 2004) was used to 
successfully introduce mutations in each PacC binding site within the aflR promoter of A. 
flavus 3357. Thereafter, the fragments containing the mutated aflR promoters were 
successfully cloned into the pGEM T-Easy vector. The wildtype and mutated aflR promoters 
were successfully amplified from A. flavus 3357 and the pES(praflR-M1), pES(praflR-M2) 
and pES(praflR-M1M2) plasmids. These promoters were then fused to the gfp and trpC 
terminator sequences via Double-Joint PCR and thereafter cloned into the pUC18 vector. The 
Double-Joint PCR technique eliminated the need to individually clone each fragment (i.e. 
aflR promoter, gfp gene and trpC terminator) sequentially into the desired vector to generate 
the various aflR::gfp::trpC constructs. Thus only a single cloning step was needed to generate 
the plasmids required for this study as opposed to conventional cloning techniques which 
would have otherwise required multiple cloning steps. Sequencing and restriction analysis of 
the resultant plasmid constructs indicated that the mutations in the PacC binding sites were 
correct, thus the SJ-PCR and DJ-PCR techniques did not introduce any additional mutations 
in the praflR::gfp::trpC fusion constructs that may have affected subsequent analysis of aflR 
promoter activity. 
The pESgfp(praflRWT), pESgfp(praflRM1), pESgfp(praflRM2) and pESgfp(praflRM1M2) 
plasmids containing the various praflR::gfp::trpC fusion constructs were thereafter 
successfully transformed into protoplasts of A. flavus 3357.5. Several positive transformants 
were obtained (Section 2.3.3). These transformants were designated as GFP-WT, GFP-M1, 
GFP-M2 and GFP-M1M2 and contained the praflRWTgfptrpC, praflRM1gfptrpC, 
praflRM2gfptrpC and praflRM1M2gfptrpC constructs, respectively. The GFP-M1, GFP-M2 and 
GFP-M1M2 transformants were verified to produce GFP by fluorescence microscopy under 
both acidic and alkaline conditions. In contrast the GFP-WT clones produced GFP under 
acidic conditions but GFP production was almost undetectable at alkaline pH. Furthermore, 
fluorescence intensity of GFP production varied among the transformants according to the 
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position and number of the mutations in the PacC binding sites within the aflR promoter. For 
example, the GFP-M1M2 clones appeared to fluoresce the brightest in comparison to all the 
other clones at both acidic and alkaline pH. This indicated that mutation of the PacC binding 
sites indeed prevented negative regulation of aflR promoter activity at alkaline pH. 
Furthermore, it appeared that PacC binds preferentially to PacC binding site 2 rather than 
PacC binding site 1 at alkaline pH. Quantification of GFP protein levels by 
spectrofluorometry confirmed that all transformants produced GFP at acidic pH, although 
there appeared to be some differences in the amount of GFP produced between the various 
transformants. In contrast, at alkaline pH, only the GFP-M1, GFP-M2 and GFP-M1M2 
transformants produced noteworthy levels of GFP protein. The trend in GFP protein 
production by the transformants was similar to that observed under fluorescence microscopy 
(see above). However, the GFP-M1M2 clones appeared to produce the most GFP at both 
acidic and alkaline pH. GFP protein levels also indicated that PacC appears to bind 
preferentially to PacC binding site 2 rather than PacC binding site 1 since GFP protein levels 
of GFP-M2 was higher than that of GFP-M1 (Figure 2.18).  
In conclusion, the PacC binding sites within the aflR promoter were successfully mutated 
and fused to gfp and the trpC terminator. Several positive fungal transformants harbouring 
the respective praflR::gfp::trpC fusion constructs were obtained. These transformants were 
verified to produce GFP via fluorescence microscopy and fluorimetry, which indicated that 
the respective praflR::gfp::trpC fusion constructs were functional within the fungal 
transformants. To further and more accurately investigate the relationship between the 
various PacC binding sites within the aflR promoter and pH regulation by PacC, the GFP 
expression levels of these transformants were analysed by Real-Time quantitative PCR (RT-
qPCR), which is discussed in Chapter 4. 
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CHAPTER 3 
 
OPTIMIZATION OF FACTORS AFFECTING RT-qPCR 
 
3.1 INTRODUCTION 
Real Time quantitative PCR (qPCR) is a powerful technique wherein fluorescent dyes are 
used to quantify the amount of amplified product (DNA or cDNA) after each cycle of PCR 
(Higuchi et al, 1992). In a typical qPCR all reactions have the same starting amount of 
template i.e. RNA (total RNA or mRNA) or cDNA and thus any calculated differences after 
qPCR are due to differences in initial concentration of the gene/s of interest (GOI). Genes 
that are highly expressed will have numerous copies of the GOI that will be amplified leading 
to early detection of fluorescence i.e. relatively low (Cq) values. In contrast genes that are 
poorly expressed (that have few copies of the GOI) will have relatively high (Cq) values. 
This technique facilitates detection and quantification of minute changes in expression of a 
GOI after normalization against expression of at least one reference gene (Higuchi et al, 
1992; Bustin, 2000; Huggett et al, 2005, Bustin et al, 2009).  
There are many different experimental approaches to qPCR that need to be considered 
before analyzing the expression of the GOI. These include choosing either a singleplex 
(amplification of a single GOI during each qPCR reaction) or multiplex (amplification of 2-5 
GOI’s during a single qPCR reaction) assay. Furthermore, the choice of reaction chemistry 
used to observe changes in amplification of the GOI is also important for qPCR. There are 
two major fluorescent chemistries that can be used for qPCR namely (1) DNA-binding dyes 
(e.g. SYBR Green I) and (2) dye-labelled, sequence specific oligonucleotide primers or 
probes (e.g. molecular beacons, TaqMan, Scorpions, hybridization probes, etc.). There are 
numerous other factors that can affect qPCR such as integrity and quality of RNA (Fleige and 
Pfaffl, 2006), primer specificity, formation of primer-dimers, presence of inhibitors, method 
of reverse transcription, etc. These factors need to be optimised in order to achieve a reliable 
qPCR assay.  
The qPCR technique has become the standard for quantification of nucleic acids due to its 
practical simplicity, speed, specificity and sensitivity (Bustin et al, 2009). However, due to 
the large number of differences in reagents, detection chemistries, protocols, instrumentation 
and software and lack of standardisation, comparison of qPCR data between different 
experimental conditions and publications is seriously impaired. A recent publication (Bustin 
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et al, 2009) has provided a set of guidelines (referred to as the MIQE guidelines) to ensure 
reliable qPCR assays.  
Furthermore, there is a lack of consensus with regards to nomenclature of various qPCR 
terms. Bustin et al (2009) have proposed a standard nomenclature for these terms, hence the 
nomenclature for various qPCR terms in this study also conforms to the MIQE guidelines and 
several of these terms are discussed below. 
The term qPCR refers to quantitative real-time PCR in general and further implies that the 
template is DNA (Bustin et al, 2009). qPCR assays are generally diagnostic and are used for 
detection and quantification of microorganisms and in forensic applications. The term RT-
qPCR refers to quantitative real-time PCR after reverse-transcription i.e. an RNA template is 
reverse-transcribed to cDNA and thereafter qPCR is performed using the cDNA as a template 
(Bustin et al, 2009). Hence, RT-qPCR assays are used to detect changes in expression of a 
GOI. In this study, changes in gene expression were measured at the mRNA level, therefore 
the term RT-qPCR will be used.  
During qPCR the amount of fluorescence signal is proportional to the amount of 
amplified product present in the reaction. Initially this fluorescence signal is weak and is thus 
detected as low background fluorescence. As cycling continues amplification products 
accumulate and the fluorescence signal increases proportionately. Once sufficient products 
have accumulated, the fluorescent signal will rise above background fluorescence. The cycle 
at which this occurs marks the beginning of the exponential phase of qPCR amplification and 
this cycle is often referred to as the threshold cycle (Ct) or crossing point (Cp) however 
according to the Real-Time PCR DATA Markup Language (RDML, Bustin et al, 2009) this 
cycle should be referred to as the quantification cycle (Cq).  
Furthermore, there are several other factors that can affect analysis of gene expression by 
RT-qPCR. These include formation of primer dimers, amplification efficiencies of the primer 
pairs, primer concentrations, primer specificity, etc. These factors need to be optimised and 
validated in order to obtain reliable qPCR assays. One of the most important factors that 
needs to be optimized is the amplification Efficiency (E). This is primarily an indication of 
the performance of the qPCR reaction (Dorak, 2006). The amplification efficiency can be 
affected by several factors including the annealing temperature of the primers, concentration 
of the primers, specificity of the primers and presence of qPCR inhibitors within the sample. 
There are numerous inhibitors of PCR, which include cell constituents, metal ions (Ca2+, 
Mg2+), presence of DNA binding proteins, fats, glycogen, phenolic compounds, etc. (Rossen 
et al, 1992; Wilson, 1997; Tichopad et al, 2004). The annealing temperature of the primers, 
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specificity of primers and formation of primer dimers are probably the most critical factors 
affecting amplification efficiency. Additionally, each set of primers (for each gene used in the 
study) needs to be validated by determining their amplification efficiencies. A robust qPCR 
assay will have amplification efficiencies of close to 100% for each set of primers but 
acceptable efficiencies range from 95-105% (Dorak, 2006).  
In order to compare and analyze gene expression via qPCR it is essential to include at 
least one “reference gene” for analysis (Huggett et al, 2005; Bustin et al, 2009). Expression 
of the reference gene/s should remain unchanged or unaffected by a change in the 
experimental conditions (e.g. variations in pH, temperature, nutritional source or other culture 
conditions). Thus, the reference gene/s serves as a control against which comparisons are 
performed to validate changes in expression of the gene of interest.  
The objective of this study was to investigate regulation of the aflR promoter by the 
global pH-regulatory transcription factor PacC via RT-qPCR. This was done by fusing the 
wildtype and each specifically mutated aflR promoter to the Green Fluorescent Protein (gfp) 
gene and then determining gfp expression levels by RT-qPCR. However, in order to obtain 
reliable gene expression data it is essential that the qPCR assay be thoroughly optimised. 
Thus, this chapter focuses on optimisation of the factors that affect RT-qPCR and 
validation of several reference genes. Specifically, the annealing temperature, specificity of 
each set of primers and formation of primer dimers were optimized by temperature gradient 
qPCR. Thereafter amplification efficiencies (E) were also optimized to ensure reliability of 
RT-qPCR analysis over a broad range of template concentrations. Furthermore, the reference 
genes chosen for this study (Histone H4 (hisH4), Cytochrome C oxidase subunit V (cox5), 
actin (act) and secretion associated binding protein (sarA) genes) (Bohle et al, 2007; 
Ogasawara et al, 2009) were validated for use in normalisation of gene expression data.  
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3.2 MATERIALS AND METHODS 
 
3.2.1 Fungal Strains and General Growth Conditions 
Strains of Aspergillus spp. used for RT-qPCR optimisation were the A. flavus 3357.5 
transformants expressing GFP under the control of the wildtype aflR promoter [clones GFP-
WT (6) and GFP-WT (9)]. Routine culturing was performed by growing fungal strains on 
glucose minimal medium (GMM) [50ml/l 20x salts4 with NaNO3
 
(7mM); 1ml/l trace 
elements5; 55.5mM glucose (dextrose); adjusted to pH 6.5 with NaOH]. For solid media, agar 
(15g/l) was added to liquid broth before autoclaving. 
 
 3.2.2 RNA Isolation and Quantification  
GFP-WT clones were cultured by a slight modification of the method of Price et al 
(2005). Initially, conidia were inoculated onto GMM (pH 6.5) agar plates and grown at 28°C 
for 5 to 7 days. Subsequently conidia were harvested in 0.1% Tween 20 and counted with a 
haemocytometer. Thereafter, 1 × 106 conidia/ml of each transformant were inoculated in 
triplicate into 24 well cell culture plates containing 1.5 ml of Sucrose Low Salts (SLS) broth 
(85 g/l sucrose, 10 g/l asparagine and 50 ml/l 20 x salts [70 g/l (NH4)2SO4, 15 g/l KH2PO4, 7 
g/l MgSO4.7H2O, 1.5 g/l CaCl2. 2H2O, 0.4 g/l ZnSO4.7H2O, 0.1 g/l MnCl2. 4H2O, 0.04 g/l 
(NH4)6Mo7O24, 0.04 g/l Na2B4O7, and 0.04 g/l FeSO4. 7H2O]) adjusted to pH 4.5 with 100 
mM citric acid or pH 8.0 with 100 mM Tris base (Price et al, 2005) and incubated at 28°C for 
48 hours in the dark. Thereafter, the entire culture (mycelial mat and broth) were transferred 
to sterile 2 ml Eppendorf tubes and centrifuged at 16 500 xg for 5 minutes. The broth was 
discarded and the mycelial mat was snap frozen in liquid nitrogen and stored at -80°C until 
needed for RNA isolation. 
Approximately 50 mg of mycelia was transferred into a sterile 2 ml eppendorf tube and 
crushed to a fine powder under liquid nitrogen. Total RNA was isolated using the Aurum 
Total RNA Isolation kit (Bio Rad) according to the manufacturer’s instructions for eukaryotic 
and plant cell material with the following modifications: the times for all centrifugation steps 
were increased to 1 minute and the incubation time for DNAse I digestion was increased to 
20 minutes. Total RNA was eluted into 40ul of sterile elution buffer and stored at -80 °C until 
required. Total RNA (1 μl) of each isolate was loaded into a Eukaryotic Total RNA Nano 
                                                 
4 20x salts with NaNO3 (1 litre): NaNO3 (141mM); KCl (139.5mM); MgSO4.7H20 (65.24mM); KH2PO4 
(223.39mM); ddH20 (1000ml). 
5 Trace elements (100ml): ZnSO4.7H20 (2.2g); H3BO3 (1.1g); MnCl2.4H20 (0.5g); FeSO4.7H20 (0.5g); 
CoCl2.7H20 (0.16g); CuSO4.5H20 (0.16g); (NH4)6.Mo7O24.4H20 (0.11g), Na4EDTA (5g); ddH20 (100ml). 
69 
chip (Agilent Technologies) and quantified on the Expert 2100 bioanalyzer (Agilent 
Technologies) according to the manufacturer’s instructions. 
  
3.2.3 cDNA Synthesis 
1 µg of total RNA isolated from each GFP-WT clone was converted to cDNA using the 
iScript cDNA synthesis kit (Bio Rad) according to the manufacturer’s instructions. Typical 
reaction mixtures contained 4 µl of 5 × iScript cDNA reaction buffer with oligo(dT) and 
random hexamer primers, 1 µg total RNA, 1 µl of iScript Reverse Transcriptase and sterile 
nuclease free H2O to a final volume of 20 µl. cDNA synthesis was carried out by incubating 
the complete reaction mix for 5 minutes at 25°C, thereafter for 30 minutes at 42°C and finally 
for 5 minutes at 85°C to denature the reverse transcriptase.  
 
 3.2.4 Optimization of Factors Affecting qPCR Efficiency 
There are several factors which can affect the efficiency of the qPCR reaction such as 
annealing temperature of the primers, primer concentration, template concentration, presence 
of inhibitors in the reaction, secondary structure of the primers, cross-homology and the 
formation of primer dimers. Factors such as optimum primer concentration were optimised 
empirically, while avoidance of secondary structures and cross homology were optimised 
when the primers were designed by BioRad using the Beacon Designer software (Premier 
Biosoft). The optimum annealing temperature for each primer pair was determined by 
performing qPCR using 1 ng of template (cDNA for the reference genes and purified GFP 
plasmid DNA for the gfp gene) and setting up a temperature gradient (50 - 62°C) for the 
annealing temperature. qPCR was performed on the iCycler thermal cycler (BioRad) using 
the iScript Real Time PCR SYBR Green kit (Bio Rad) according to the manufacturer’s 
instructions. Typical reaction mixtures contained 10 µl of 2 × SYBR Green supermix, 
forward and reverse primers (450 nM each), 1 ng cDNA (or GFP plasmid) and sterile 
nuclease free H2O to a total of 20 µl. qPCR reaction conditions were 5 minutes at 95°C for 
initial denaturation and activation of the DNA polymerase, followed by 50 cycles of 
denaturation at 95°C for 30 seconds, annealing at the appropriate temperature specific for 
each primer pair for 30 seconds and extension at 60°C for 30 seconds. The iCycler software 
(Version 3.1, Bio Rad) was programmed to collect real time fluorescence data during the 
annealing and extension steps. Melt-Curve analysis was performed after every qPCR run to 
verify the specificity of the primers and to detect the presence (if any) of primer dimers. After 
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annealing temperature optimisation the qPCR efficiency of the various primer pairs was 
determined. 
 
 3.2.5 Determination of qPCR Efficiency  
To verify that the primers were specific, that efficient amplification was occuring and to 
ensure that the quantification cycle (Cq) values generated during qPCR were reliable, the 
efficiency of the primer pairs during qPCR amplification had to be verified. The efficiency of 
each set of primers (i.e. HIS(H4), COX(5), ACTIN, SAR(A) and GFP, Table 3.1) was 
determined as follows: 
Serial dilutions of cDNA from GFP-WT6 were made using sterile nuclease free water 
(Ambion). To determine the efficiency of the GFP primers, serial dilutions of purified GFP 
plasmid were made in nuclease free water. Thereafter qPCR was performed as described in 
section 3.2.4 using dilutions of either cDNA (from GFP-WT6) or purified GFP plasmid as 
template. Template concentrations were 2ng, 4ng, 6ng, 8ng and 10ng per reaction at the 
optimum annealing temperature for the specific primer pair (as determined in section 3.2.4) 
and primer concentrations were 450 nM (of each primer) per reaction. After qPCR, standard 
curves were plotted using the iCycler software (Version 3.1, Bio Rad) and the amplification 
efficiencies (E) determined.  
  
 3.2.6 Validation of Reference Genes  
In this study the effects of carbon source, nitrogen source and pH on aflR promoter 
activity were to be investigated. In order to validate whether the hisH4 and cox5 reference 
(Table 3.1) genes were suitable for use in these studies it was critical to determine that 
expression of the hisH4 and cox5 genes were unaffected by the carbon source, nitrogen 
source or pH used in this study.  
In order to validate the use of the hisH4 and cox5 genes as reference genes when 
investigating the effects of pH (or an aflatoxin inducing carbon source) on aflR promoter 
activity, GFP-WT (clones 6 and 9) were grown on SLS as described in section 3.2.2. To 
validate the use of the hisH4 and cox5 genes as reference genes when investigating the effects 
of an inhibitory carbon source on aflR promoter activity, GFP-WT clones were grown as 
described in section 3.2.2 except that lactose was used as the sole carbon source instead of 
sucrose. To validate the hisH4 and cox5 genes for use as reference genes when investigating 
effects of higher concentrations of an inducing nitrogen source on aflR promoter activity, 
GFP-WT clones were cultured as described in section 3.2.2 except that the concentration of 
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ammonium sulphate in SLS medium was increased to 117 mM. After growth in the 
appropriate medium, total RNA was isolated from transformants (GFP-WT clones 6 & 9) as 
described in sections 3.2.2 and converted to cDNA (section 3.2.3).  
After conversion of total RNA to cDNA, qPCR was performed in duplicate for each 
treatment using 10ng of cDNA as described in section 3.2.4, except that the annealing 
temperatures were 59.9°C and 52.4°C for the HIS(H4) and COX(5) primers respectively. The 
Cq values obtained for these reference genes were then imported into the BestKeeper 
software (Pfaffl, 2004) and analysed to determine whether expression of these genes was 
affected by the experimental treatment conditions and to therefore validate them for use as 
reference genes for the current study.   
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Table 3.1: Primers used for RT-qPCR. 
 
Primer  Gene Sequence Primer Name 
ActinBDF1 
Actin (act) 
5' – AGG AAG TTG CTG CTC TCG – 3' 
ACTIN 
ActinBDR1 5' – GGA CGA CCG ACA ATG GAG – 3' 
CytoxBDF1 Cytochrome oxidase 
subunit V (cox5) 
5' – CGT CAT TCA CTT GTT CGC TAA G – 3' 
COX(5) 
CytoxBDR1 5' – CCT TGG CAT ACT CGT TGG AAG – 3' 
qPCR-GFP F1 Green Fluorescent 
Protein (gfp) 
5' – GCT GGA ATA CAA CTA TAA CTC – 3' 
GFP 
qPCR-GFP R1 5' – GTG GAC AGG TAA TGG TTG – 3' 
HistoneH4 qPCR F1.1 
Histone H4 (hisH4) 
5'– TCG TCG TGG TGG TGT CAA G – 3' 
HIS(H4) 
HistoneH4 qPCR R1.1 5' – TTG GCG TGC TCA GTG TAG G – 3' 
SarABDF1 Secretion associated 
binding protein (sarA) 
5' – AAC AAC CGC TTC ACT ACC – 3' 
SAR(A) 
SarABDR1 5' – AAC GAT ACC GCT CAC TTC – 3' 
 
 
 
 
Table 3.2: Optimum annealing temperatures (Ta) for RT-qPCR primers. 
 
Gene Primer Name [cDNA]* 
Primer 
dimers 
Cq 
value 
Optimum 
Ta (°C) 
Histone H4 (hisH4) HIS(H4) 1ng No 23.4 59.9 
      
Actin (act) ACTIN 1ng No 23.4 52.4 
       
Green Fluorescent Protein (gfp) GFP 1ng No 9.9 54.6 
      
Cytochrome oxidase subunit V (cox5) COX(5) 1ng No 25.1 52.4 
      
Secretion associated binding protein 
(sarA) SAR(A) 1ng No 27.7 59.4 
 
* As determined with the Agilent 2100 Bioanalyzer (Agilent Technologies) 
 
 
   
 
 
  
73 
3.3 RESULTS AND DISCUSSION 
 3.3.1 Optimization of Annealing Temperature for qPCR 
The optimum annealing temperature for qPCR was determined by performing qPCR over 
a range of temperatures (50-62°C) for each primer set. Additionally melt-curve analysis was 
performed to detect the formation of primer dimers and non-specific amplification products. 
The effect of the lowest, highest and optimum annealing temperature on amplification of the 
Cytox gene (& corresponding melt-curves) after annealing temperature gradient qPCR are 
shown in Figure 3.1. The amplification plots and corresponding melt-curves at all annealing 
temperatures are shown in Appendix B.  
The results indicated that low annealing temperatures resulted in high fluorescence and 
low Cq values (Figure 3.1A). Melt-curve analysis (Figure 3.1B) showed that at low annealing 
temperatures these low Cq values were a result of non-specific binding of primers and 
formation of primer dimers during the annealing step. Formation of primer dimers and non-
specific products lead to lower Cq values because the traditional SYBR Green dye which was 
used (for qPCR) binds to any double stranded DNA including the non-specific products and 
primer dimers that may be present in the reaction. Binding of the SYBR Green dye to non-
specific products and primer dimers would result in a higher fluorescent signal that would be 
detected by the real-time instrument, thus falsely lowering the Cq values of the sample.  
Conversely, it was determined that annealing temperatures which were too high resulted 
in very poor amplification (low fluorescence) and higher Cq values (Figure 3.1A). In this 
case, the annealing temperature may have been too close to or higher than the melting 
temperature (Tm) of the primers, thus primer molecules would have hybridized weakly to 
their target sequences during the annealing step. This in turn would have resulted in poor 
amplification exhibiting very low fluorescent signals and higher Cq values.  
The optimum annealing temperature for each set of primers was determined empirically 
by analysing the fluorescent signal of the amplification plot and corresponding melt-curve at 
each annealing temperature. The optimum annealing temperature was chosen based on low 
Cq values, high fluorescence intensity and steep slope during the exponential phase of the 
amplification plot. This was verified by analysing melt-curve data to ensure that at the chosen 
optimum annealing temperature there was formation of one large peak at a relatively high 
melting temperature (that corresponds to the specific amplification product) and presence of 
virtually no primer dimers/non-specific products. From the amplification plot of the cox5 
gene (Figure 3.1), it can be clearly seen that at the optimum annealing temperature (52.4°C), 
the Cq value was the lowest, the fluorescence intensity is high and that the slope of the 
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exponential phase is the steepest compared to the other annealing temperatures. Furthermore, 
melt-curve analysis at the optimum annealing temperature showed the formation of one large 
peak at a high melting temperature and that virtually no primer dimers (or non-specific 
products) were amplified. 
The optimum annealing temperatures for the primers used in this study after gradient 
qPCR optimizations are shown in Table 3.2. It should be noted that in the case of the GFP 
primers the very low Cq value is due to the fact that purified GFP plasmid DNA was used as 
the template for qPCR instead of cDNA.  
In order to perform accurate and reliable qPCR analysis, it is of utmost importance that 
the annealing temperature for each set of primers be optimised in order to obtain specific 
amplification of the desired gene. This is due to the fact that correct hybridization of the 
primers to the target sequence is the most important parameter to ensure specificity of 
amplification during PCR (van Pelt-Verkuil et al, 2008). For traditional PCR the annealing 
temperature (Ta) is usually 5°C less than the calculated melting temperature (Tm) to ensure 
that all the primers are completely and accurately annealed to their target sequences. 
However, this generalisation is not suitable for qPCR analysis as the annealing temperature is 
absolutely crucial particularly during the first few cycles since any non-specific annealing 
during these cycles will result in a large increase of non-specific products at the end of the 
PCR cycling (van Pelt-Verkuil et al, 2008). Furthermore, formation of primer dimers and 
non-specific products at low annealing temperature would result in an artificial increase in 
the amplification efficiency of the primer set. In contrast, annealing temperatures that are too 
high will result in poor amplification due to the fact that fewer primer molecules remain 
hybridised at high temperatures. This will cause a decrease in the amplification efficiency of 
the reaction. It is imperative to prevent both these scenarios since the amplification efficiency 
is one of the most important factors affecting reliability and meaningful interpretation of RT-
qPCR data. Thus, the annealing temperature of the primers were successfully optimised to 
ensure that data generated by RT-qPCR and subsequent analysis were reliable and 
scientifically valid. 
 
 
75 
 
 
 
 
 
 
 
 
 
 
 
 
(A)                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(B) 
 
 
Figure 3.1: (A) qPCR amplification plot showing effect of annealing temperature (Ta) on amplification of the cox5 gene. (B). Melt-Curve analysis showing the 
effect of annealing temperature on primer specificity and formation of primer dimers at sub-optimal annealing temperatures. 
Only the effects of the lowest, highest and optimum annealing temperature on amplification and corresponding melt-curve analysis are shown for the benefit of clarity. The 
optimum Ta for the qPCR using the COX(5) primers was 52.4°C corresponding to a threshold cycle (Cq) value of 23.4.  
Optimum Ta= 52.4°C, Cq= 23.4 
Lowest Ta= 50.0°C, Cq= 23.5 
Highest Ta= 62.0°C, Cq= 24.8 
Optimum Ta= 52.4°C 
Lowest Ta= 50.0°C 
Highest Ta= 62.0°C 
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 3.3.2 Determination of qPCR Efficiency 
To determine the efficiency of each set of primers used in this study, serial dilutions (2, 4, 
6, 8 and 10 ng) were made and qPCR performed as described in section 3.2.5. Figure 3.2 (A) 
shows successful amplification with the Histone H4 [HIS(H4)] primers. Melt-curve analysis 
(Figure 3.2B) shows amplification of a single specific product corresponding to a portion of 
the HIS(H4) gene and lack of any non-specific products or primer-dimers. The Cq values 
obtained from the amplification plots were used by the iCycler software (Version 3.1) to 
calculate the efficiency of the HIS(H4) primers. From Figure 3.2C it can be seen that the 
amplification efficiency of the HIS(H4) primers was 100.6% and that the trendline equation 
of the standard curve was y = -3.308x + 22.419. The trendline equation indicates that the y-
intercept was 22.419; the slope was -3.308 and correlation coefficient (r) was 0.998.  
Figure 3.3 (A) shows successful amplification with the Cytochrome oxidase C subunit V 
[COX(5)] primers. Melt-curve analysis (Figure 3.3B) shows amplification of a single specific 
product corresponding to a portion of the COX(5) gene and lack of any non-specific products 
or primer-dimers. The Cq values obtained from the amplification plots were used by the 
iCycler software (Version 3.1) to calculate the efficiency of the COX(5) primers. From 
Figure 3.3C it can be seen that the amplification efficiency of the COX(5) primers was 
100.1% and that the trendline equation of the standard curve was y = -3.319x + 28.740. The 
trendline equation indicates that the y-intercept was 28.740, the slope was -3.319 and 
correlation coefficient was 0.922.  
Figure 3.4 (A) shows successful amplification with the Green Fluorescent Protein (GFP) 
primers. Melt-curve analysis (Figure 3.4B) shows amplification of a single specific product 
corresponding to a portion of the gfp gene and lack of any non-specific products or primer-
dimers. The Cq values obtained from the amplification plots were used by the iCycler 
software (Version 3.1) to calculate the efficiency of the GFP primers. From Figure 3.4C it 
can be seen that the amplification efficiency of the Green Fluorescent Protein (GFP) primers 
was 100.7% that the trendline equation of the standard curve was y = -3.305x + 15.692. The 
trendline equation indicates that the y-intercept was 15.692; the slope was -3.305 and the 
correlation coefficient was 0.998. 
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Figure 3.2: (A) Real Time qPCR amplification plot using the HIS(H4) primers and cDNA isolated from 
GFP-WT (clone 6) as the template. (B) Melt Curve analysis of qPCR products amplified with the 
HIS(H4) primers showing a single peak with a melting point of 84.6°C. (C) Standard curve of Log (cDNA, 
ng) versus Threshold Cycle (Cq) for calculation of qPCR efficiency of the HIS(H4) primers which was 
100.6% with a correlation co-efficient of 0.998. The trendline equation is also indicated on the graph. 
GFP-WT (clone 6) was grown on Sucrose Low Salts medium (pH 4.5) for 48 hours. Thereafter Total RNA was 
isolated, quantified on the Agilent 2100 Bioanalyser and converted to cDNA using the Bio-Rad iScript cDNA 
synthesis kit. 2ng, 4ng, 6ng, 8ng and 10ng of cDNA were used for qPCR to determine the amplification 
efficiency of the qPCR reaction.   
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Figure 3.3: (A) Real Time qPCR amplification plot using the Cytochrome Oxidase C subunit V 
[COX(5)] primers and cDNA isolated from GFP-WT (clone 6) as the template. (B) Melt Curve analysis of 
qPCR products amplified with the COX(5) primers. (C) Standard curve of Log (cDNA, ng) versus 
Threshold Cycle (Cq) for calculation of qPCR efficiency. The PCR efficiency using the COX(5) primers 
was 100.1% with a correlation co-efficient of 0.922. The trendline equation is also indicated on the graph. 
GFP-WT (clone 6) was grown on Sucrose Low Salts medium (pH 4.5) for 48 hours. Thereafter Total RNA was 
isolated, quantified on the Agilent 2100 Bioanalyser and converted to cDNA using the Bio-Rad iScript cDNA 
synthesis kit. 2ng, 4ng, 6ng, 8ng and 10ng of cDNA were used for qPCR to determine the amplification 
efficiency of the qPCR reaction.   
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Figure 3.4:  (A) Real Time qPCR amplification plot using the Green Fluorescent Protein (GFP) primers 
and plasmid (pPRgf-T4) DNA as the template. (B) Melt Curve analysis of qPCR products amplified with 
the GFP primers showing a single amplification product. (C) Standard curve of Log (cDNA, ng) versus 
Threshold Cycle (Cq) for calculation of qPCR efficiency. The PCR efficiency using the GFP primers was 
100.7% with a correlation co-efficient of 0.998. The trendline equation is also indicated on the graph. 
Plasmid pRRgf-T4 was purified from an E. coli culture and quantified using the Qubit (Invitrogen) 
spectrofluorometer. 2ng, 4ng, 6ng, 8ng and 10ng of purified plasmid were used for qPCR to determine the 
amplification efficiency of the qPCR reaction. 
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After qPCR of a serial dilution series, a standard curve of the log of the concentration of 
the starting quantity is plotted against the Cq values obtained for the corresponding serial 
dilutions. Thereafter, a linear trendline is fitted to the standard curve using the least squares 
method of linear regression (Dorak, 2006). The trendline equation is y = mx + C, where y = 
Cq, m = slope, x = log10 template amount and C = y-intercept.  
The slope of the trendline equations calculated for the HIS(H4), COX(5) and GFP 
primers were -3.308, -3.319 and -3.305 respectively. The y-intercepts of the trendline 
equations calculated for the HIS(H4), COX(5) and GFP primers were 22.419, 28.740 and 
15.692 respectively. The correlation coefficients of the trendline equations calculated for the 
HIS(H4), COX(5) and GFP primers were 0.998, 0.922 and 0.998 respectively.  
It is important to analyse the obtained trendline equation for each set of primers as the 
trendline yields valuable information with regards to the sensitivity, accuracy and reliability 
of the qPCR assay over a broad range of template concentrations. The sensitivity of the assay 
and how accurately the template has been amplified is determined by the y-intercept (Dorak, 
2006). Ideally the y-intercept should be less than 37 since a high y-intercept is generally due 
to having underestimated the starting quantity or due to a degraded template (Dorak, 2006). 
The slope of the standard curve should be approximately -3.32 which implies that the 
amplification efficiency is ~100%. Furthermore, it is critically important that Pearson’s 
correlation co-efficient (r) be greater than 0.9 but preferably closer to 0.999. An r value close 
to 1 means that the experimental data fits the regression line very closely which is an 
indication that there is very little variability in the assay thus increasing the reliability of the 
data (Dorak, 2006). Since, the y-intercept and correlation coefficients of the trendline 
equations for amplification of the hisH4, cox5 and gfp genes were less than 37 and greater 
than 0.9 respectively, this indicated that there was no degradation of template and that the 
experimental data fitted the predicted trendline very closely. Furthermore, the slopes of the 
standard curves for amplification of the hisH4, cox5 and gfp genes were close to -3.32 which 
indicated that the amplification efficiency (E) of the respective primers was approximately 
100%. The actual amplification efficiencies of the HIS(H4), COX(5) and GFP primers were 
100.6%, 100.1% and 100.7% respectively.  
The amplification efficiency (E) of the reaction is calculated from the slope of the 
trendline equation generated from a serial dilution series using the formula (Rasmussen, 
2001; Pfaffl et al, 2004):    E = 10-1/slope 
Frequently the amplification efficiency is reported as a percentage which represents the 
percent of template that was amplified in each cycle and is calculated by the formula:  
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% Efficiency = (E – 1) × 100% or (10(-1/slope) – 1) × 100% 
Ideally the amplification efficiency for each set of primers should be as close to 100% as 
possible which implies that during the exponential phase of amplification the amount of PCR 
product doubled during every cycle. Although an amplification efficiency of 100% implies 
that there is complete amplification of all template molecules in each cycle of amplification, 
this alone is not sufficient to determine that the assay is reliable and accurate.  
The amplification efficiency could be artificially influenced (positively or negatively) by 
numerous factors such as the annealing temperature of the primers, formation of primer 
dimers, presence of inhibitors, etc. Thus, if primer dimers are present these would artificially 
increase the efficiency of the reaction, which in turn may result in incorrect data analysis and 
subsequent conclusions. It is also important to analyse the melt-curves to determine if the 
amplification efficiency is reliable and accurate. In this study, melt-curve analysis for all 
three sets of primers showed very low amounts of primer dimers and a single amplification 
product (Figures 3.2C – 3.4C). This indicated that the amplification efficiency of ~100% 
obtained for each of these primer sets was real and not due to amplification of non specific 
products or primer dimers. 
A perfect qPCR assay should have an amplification efficiency of close to 100%, a slope 
of -3.32, a y-intercept less than 37, a correlation co-efficient of greater than 0.9 for the 
standard curve and melt-curves which show amplification of a single specific product and 
formation of virtually no primer dimers or non-specific products (Dorak, 2006). Thus, the 
HIS(H4), COX(5) and GFP primers that were analysed successfully here met the above 
criteria indicating their suitability for reliable qPCR analysis. It should be noted that despite 
numerous optimizations of different conditions and designing of new primers the 
amplification efficiencies for the ACTIN and SAR(A) primers did not ever exceed 80% and 
the slopes of the standard curves were less than -3.32 (data not shown). Hence it was decided 
that the act and sarA genes would not be suitable as reference genes for this study. 
 
 3.3.3 RT-qPCR validation of reference genes 
In this study the hisH4, cox5, act and sarA genes were initially chosen as reference genes 
due to the fact that they had previously been used successfully as reference genes in A. oryzae 
(hisH4) and in A. niger (act, cox5 and sarA) for normalisation of RT-qPCR data (Bohle et al, 
2007; Ogasawara et al, 2009). The efficiencies of the act and sarA genes were found to be 
<80% and were thus not used for any further analysis. It has also been shown that act 
expression in A. flavus is up-regulated in sucrose media (Price et al, 2005), implying that the 
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actin gene was not a suitable reference gene for use in the current study since Sucrose Low 
Salts medium was used for certain assays. The hisH4 and cox5 genes showed excellent 
amplification efficiencies and were thus further validated (as described in section 3.2.6) under 
different treatment conditions to determine their suitability as reference genes. It is also 
essential to exclude co-regulation of the chosen reference genes to prevent false positive 
results (Vandesompele et al, 2002; Bohle et al, 2007). Since proteins encoded by the hisH4 
and cox5 genes belong to different functional classes, co-regulation of these two genes could 
readily be excluded (Bohle et al, 2007). The Cq values obtained for the hisH4 and cox5 
reference genes under the different carbon, nitrogen and pH treatment conditions are shown 
in Table 3.3 and were analysed using the BestKeeper software (Pfaffl et al, 2004).  
According to Pfaffl et al (2004) the standard deviation of the Cq values should be less 
than 1, which indicates that there is no change in expression of the chosen reference genes 
under different treatment conditions. BestKeeper analysis of hisH4 and cox5 expression (Cq 
values) across all media resulted in standard deviations of 0.34 & 0.95 respectively (Table 
3.4) which indicates that expression of these genes is unaffected by pH, carbon source or 
nitrogen source variation (Table 3.4). Furthermore, a graph (Figure 3.5) showing the Cq 
values of the hisH4 and cox5 genes indicates that there is very low variation in the Cq values 
obtained under all treatment conditions (pH, carbon and nitrogen) used in this study.  
This trend is also noticeable on the RT-qPCR amplification plots and melt-curve analyses 
indicated that the Cq values obtained were reliable due to the formation of a single 
amplification product and very low primer dimer formation (see Appendix). Also, the 
BestKeeper software calculates a correlation co-efficient (r) according to a predicted 
BestKeeper index. For the hisH4 and cox5 genes these correlations were 0.569 (P=0.004) and 
0.905 (P=0.001) respectively indicating a high correlation between the reference genes and 
the BestKeeper index. Thus, the results obtained indicate that the expression of the hisH4 and 
cox5 genes are not affected by the experimental treatment conditions used in this study. 
Furthermore since there is no co-regulation of these genes, it is indicated that the hisH4 and 
cox5 genes were suitable for use as reference genes for normalisation of RT-qPCR expression 
data in this study.  
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Table 3.3: Cq values obtained for Histone H4 (hisH4) and Cytochrome oxidase C 
subunit V (cox5) genes after RT-qPCR under different treatment 
conditions. 
 
Gene / Clone Sucrose Low Salts  Sucrose Low Salts + NH4 
 Lactose Low Salts 
 pH 4.5 
 
pH 8.0 
 
 pH 4.5 
 
pH 8.0 
 
 pH 4.5 
 
pH 8.0 
 
         
his(H4)         
GFP-WT (6) 18.3 18.2  18.8 18.6  19.2 19.2 
GFP-WT (6) 18.6 18.7  18.6 18.7  19.8 18.5 
GFP-WT (9) 18.9 19.3  19.0 19.7  18.7 18.7 
GFP-WT (9) 19.2 19.4  19.5 18.6  18.8 18.9 
         
cox5         
GFP-WT (6) 26.7 27.8  27.1 27.5  26.0 27.3 
GFP-WT (6) 27.5 27.5  27.0 27.8  27.3 27.6 
GFP-WT (9) 28.5 29.8  28.7 29.0  30.2 28.1 
GFP-WT (9) 27.7 28.3  28.8 27.6  30.8 30.4 
         
 
 
 
 
 
Table 3.4: BestKeeper analysis of Histone H4 (hisH4) and Cytochrome oxidase  C 
subunit V (cox5) reference genes. 
 
Results 
Gene 
his(H4) cox5 
   
n 24 24 
Geometric Mean [Cq] 18.91 28.10 
Arithmetic Mean [Cq] 18.91 28.13 
Minimum [Cq] 18.20 26.00 
Maximum [Cq] 19.80 30.80 
STD Deviation [± Cq] 0.34 0.95 
CV [% Cq] 1.79 3.37 
Minimum [x-fold] -1.64 -4.32 
 Maximum[x-fold] 1.86 6.56 
STD Dev. [± x-fold] 1.27 1.93 
Correlation [r] 0.569 0.905 
p-value 0.004 0.001 
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Figure 3.5: BestKeeper analysis showing Cq values of Histone H4 (hisH4) and Cytochrome C oxidase 
subunit V (cox5) gene expression on Sucrose Low Salts (SLS), Sucrose Low Salts supplemented with 
ammonium sulphate (SLS + NH4), Lactose Low Salts (LLS) media at pH 4.5 and pH 8.0.  
Error bars indicate standard deviation calculated by the BestKeeper software across all treatment conditions. 
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3.4 GENERAL DISCUSSION AND CONCLUSIONS 
Real Time quantitative PCR (qPCR) is a powerful technique in which fluorescent dyes 
are used to quantify the amount of amplified product (DNA or cDNA) after each cycle of 
PCR (Higuchi et al, 1992). This has facilitated quantification of even minute changes in gene 
expression in response to a particular treatment or even quantification of factors such as viral 
load. There are numerous methods for analysis and interpretation of qPCR data. However, the 
two most common methods are the absolute quantification and relative quantification 
methods.  
The first method which is referred to as absolute quantification is performed by first 
generating a standard curve in which the the log10 of known concentrations (of a serial 
dilution series) of a template are plotted against the Cq values obtained after qPCr 
amplification of the standards. Thereafter, the Cq values of the test samples are compared to 
the standard curve to determine the absolute quantity of the sample of interest. The result 
obtained is the absolute quantity of the GOI mRNA (ng, µg or copy number) per given 
amount of sample (per cell or per µg total RNA) (Pfaffl et al, 2002). This method is primarily 
used in diagnostic assays to determine the absolute quantity or concentration of a target in a 
sample e.g. determining the number of virus particles per millilitre of blood. Absolute 
quantification is generally not useful for quantification of changes in gene expression.  
The second method is referred to as relative quantification and generates an expression 
ratio which is the relative amount (difference) between a target gene or GOI compared to a 
reference or control gene (Livak and Schmittgen, 2001; Pfaffl, 2001; Pfaffl et al, 2002). 
Relative quantification is useful for explaining trends or patterns of gene expression, however 
it is highly dependent on the reference gene/s that are utilised and furthermore on the method 
of calculation. There are two major methods of relative quantification i.e. normalisation 
against unit mass (e.g. cell number or quantity of nucleic acid) or normalisation relative to 
one or more reference genes. Normalisation of gene expression data against unit mass 
requires accurate quantification of the control (or calibrator) as any errors in quantification of 
the control will result in false expression ratios. Normalisation of gene expression data 
against a reference gene is the more common and preferred method since this method 
circumvents the need for accurate quantification of the control sample (Huggett et al, 2005).   
In order to quantify changes in expression of a gene of interest in relation to a particular 
experimental treatment by RT-qPCR, relative quantification needs to be performed by using 
one or more reference genes for normalisation of gene expression. Although RT-qPCR is a 
powerful technique to obtain quantitative gene expression data there may be differences 
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between samples that can affect the final analysis of gene expression (Huggett et al, 2005; 
Bohle et al, 2007). These differences can arise during any step of the RT-qPCR protocol 
including sample preparation (e.g. RNA isolation or pippetting) or due to inefficient reverse 
transcription of RNA to cDNA, etc (Huggett et al, 2005; Bohle et al, 2007). Normalising the 
expression of the gene of interest against one or more reference genes provides a simple way 
to eliminate the effects of such differences (Hugget et al, 2005). This is due to the fact that 
qPCR of the reference gene/s is generally performed using the same RNA (or cDNA) 
template as qPCR of the gene of interest, hence both reference genes and the gene of interest 
will be affected equally by any variations in the sample (Pfaffl et al, 2002; Huggett et al, 
2005) but it is critical to ensure that expression of the reference genes themselves is not 
affected by the experimental treatments. Hence, this is the reason why the reference genes 
chosen for this study had to be validated prior to use for normalisation. As was shown, not all 
genes can be successfully used as reference genes and the act and sarA genes had to be 
discarded. Validation proved that expression of the Histone H4 (hisH4) and Cytochrome C 
oxidase subunit V (cox5) genes remained unchanged under the different treatment conditions 
and were thus, good candidates to serve as reference genes. 
It is important however to optimise the RT-qPCR assay before validating reference genes 
for use in normalisation of gene expression data. In this study, the annealing temperature of 
each set of primers was successfully optimised by temperature gradient qPCR. At the 
optimum annealing temperature there was no amplification of non-specific products or 
primer-dimers which could have adversely affected the analysis. Furthermore, the HIS(H4), 
COX(5) and GFP primers were optimised to obtain amplification efficiencies of ~100%. This 
ensured that the qPCR assay was sensitive over a wide range of template concentrations thus 
contributing to reliable data analysis.  
Reference genes that are commonly used include the genes for 18S ribosomal RNA, 
actin, beta-tubulin, glyceralderdehyde-3-phosphate dehydrogenase (GAPDH) and Histone 
(Maeda et al, 2004; Huggett et al, 2005; Bohle et al, 2007; Ogasawara et al, 2009). These 
genes are “classical” reference genes that have been used for many years for Northern 
hybridizations, RNase protection assays, etc due to the fact that they are highly expressed 
within cells and are suitable for techniques in which qualitative changes in expression are 
being measured (Hugget et al, 2005). In contrast, real time quantitative PCR is an extremely 
sensitive technique that allows for quantification of even minute changes in gene expression. 
Due to its sensitivity, qPCR has shown that these “classical” reference genes may sometimes 
be unsuitable for use since their expression may be influenced by the experimental 
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treatment/s. For example in quantitative serum stimulation studies, it was found that 
expression of GAPDH and beta-actin changed over time while expression of β-2 
microglobulin and 18S rRNA remained unchanged (Schmittgen and Zakrajsek, 2000). In A. 
niger 10 gene candidates were analysed for their suitability to be used as reference genes for 
normalisation of the glaA gene involved in gluocamylase production. Of these 10 genes, only 
3 (act, cox5 and sarA) were found to be suitable reference genes while genes such as gpd, 
glkA, g6pdh were found to be unsuitable for normalisation (Bohle et al, 2007). In this study, 
BestKeeper analysis showed that expression of the hisH4 and cox5 genes were unaffected by 
the experimental treatment conditions. This indicated that the hisH4 and cox5 genes were 
suitable for use as reference genes for normalisation of RT-qPCR expression data in this 
study.  
In conclusion, factors such as formation of primer-dimers, annealing temperature, 
template and primer concentrations were successfully optimised and the efficiency of the 
each set of primers was optimised to be nearly 100%. Furthermore, the hisH4 and cox5 genes 
were successfully validated for use as reference genes. The combination of these 
optimisations indicated that the RT-qPCR assay and reference genes used for this study are 
robust and any qPCR data obtained using them were scientifically valid and reliably accurate. 
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CHAPTER 4  
 
RT-qPCR ANALYSIS OF aflR PROMOTER REGULATION BY PacC 
 
4.1 INTRODUCTION 
It is generally known that media containing simple sugars such as sucrose and glucose 
and organic nitrogen sources such as ammonium when buffered to acidic pH stimulate 
aflatoxin production while media containing lactose, nitrate or buffered to alkaline pH inhibit 
aflatoxin biosynthesis (Cotty, 1988; Keller et al, 1997; Price et al, 2005). It has been shown 
that pH of the growth medium is the most important regulatory factor for aflatoxin 
biosynthesis since media containing stimulatory carbon and/or nitrogen sources (sucrose and 
ammonia) do not support aflatoxin (or sterigmatocystin) production at alkaline pH (Cotty, 
1988; Keller et al, 1997). Inhibition of aflatoxin production at alkaline pH has been shown to 
be mediated by the pH regulatory transcription factor, PacC (Suleman, 2007). However, the 
exact mechanism involved in PacC repression of aflatoxin biosynthesis at alkaline pH still 
remains unknown (Georgianna and Payne, 2009).  
In this study it was hypothesized that at alkaline pH, PacC binds to one or both of its 
recognition sites within the aflR promoter (Figure 4.1) thereby inhibiting aflR expression, 
which in turn results in inhibition of aflatoxin biosynthesis. It has been shown that expression 
of several aflatoxin biosynthetic pathway genes is dependent on AFLR mediated activation of 
these genes (Price et al, 2005; Georgianna and Payne, 2009). It has also been shown that 
there is at least one AFLR binding site within the aflR promoter itself. Thus it appears that 
AFLR enhances its own transcription (Ehrlich et al, 2003). Furthermore, Ehrlich et al (2003) 
have indicated that there is one AFLR and one AbaA binding site that overlap the first PacC 
binding site within the aflR promoter of A. flavus. Sequence analysis of the aflR promoter of 
A. flavus 3357 indicated that there is a partial AFLR recognition site 8bp (not shown) before 
PacC binding site 1 (Figure 4.1). The presence of the AFLR binding site so close to or 
overlapping the PacC site lends support to the hypothesis that PacC may bind to its 
recognition site/s within the aflR promoter thereby repressing aflR expression and inhibiting 
aflatoxin biosynthesis at alkaline pH.  Aside from the PacC binding sites within the aflR 
promoter of A. flavus 3357, there are binding sites for several other regulatory factors (Figure 
4.1) such as AreA, CreA, AbaA and BrlA. The role of BrlA and AbaA in secondary 
metabolite biosynthesis (such as aflatoxins) is still unknown (Ehrlich et al, 2003); however 
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these two proteins are known to be involved in regulation of conidiation and development 
specific processes respectively.  
AreA and CreA are known to regulate expression of several genes in response to nitrogen 
and carbon source respectively (Chang et al, 2000; Roze et al, 2004). Carbon and nitrogen 
sources in addition to pH are important factors that can either stimulate or repress aflatoxin 
biosynthesis.  
The aim of this study was to test the validity of the hypothesis that at alkaline pH PacC 
binds to one or both of its recognition sites within the aflR promoter thereby inhibiting aflR 
expression which subsequently would result in inhibition of aflatoxin biosynthesis. This was 
done by growing each of the transformants harbouring the mutated and wildtype aflR 
promoters driving GFP expression (constructed as described in Chapter 2) under various 
stimulatory or inhibitory conditions and analysing GFP reporter expression via RT-qPCR. 
In addition to testing the hypothesis that PacC binds to one or both recognition sites 
within the aflR promoter to shut down aflR transcription and thus aflatoxin biosynthesis at 
alkaline pH, carbon and nitrogen source regulation of the aflR promoter in relation to PacC 
regulation of the aflR promoter was also investigated i.e. in the presence/absence of PacC 
binding to the aflR promoter, what is the effect (if any) of stimulating and repressing carbon 
and nitrogen sources on aflR promoter activity? 
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1     GGCTGAGGAT AGCTCGTGAA CAAGGCCCAG CGGGGAAGAT ATTGAATTAG AAGTCCACCG 
      CCGACTCCTA TCGAGCACTT GTTCCGGGTC GCCCCTTCTA TAACTTAATC TTCAGGTGGC 
 
61    GCAAATCGCC GTGCGGTGCA AGGAGAGCTA CTGAACGTCC CATTGGATTT TAAAAGTCGC 
      CGTTTAGCGG CACGCCACGT TCCTCTCGAT GACTTGCAGG GTAACCTAAA ATTTTCAGCG 
 
121   TGAGAATACG GGTGATCTGA AGAGGTTTTA GATCTGACCA GTGTAGTCCT TCCTCTGCGT 
      ACTCTTATGC CCACTAGACT TCTCCAAAAT CTAGACTGGT CACATCAGGA AGGAGACGCA 
 
181   CAACGAGTGC TGATATGCAA GCCGGGTACT ATCTGCCGGC TCGTACTTTT TATCTTTCGT 
      GTTGCTCACG ACTATACGTT CGGCCCATGA TAGACGGCCG AGCATGAAAA ATAGAAAGCA 
 
241   CAGCATCGTT AGCCAGGCAG GCATATCTAT GTCCCATTCT TAGAATAGCT TCGCAGGGTG 
      GTCGTAGCAA TCGGTCCGTC CGTATAGATA CAGGGTAAGA ATCTTATCGA AGCGTCCCAC 
 
301   GTATCTCAAC ACTGCAACGG GACGGATCCA GGGCTCCCTG GAGCTCATGC AGGTGCTAAA 
      CATAGAGTTG TGACGTTGCC CTGCCTAGGT CCCGAGGGAC CTCGAGTACG TCCACGATTT 
 
361   GATCTAGCTT GCAGGAAACA AGTCTTTTCT GGGTTCTAAG CCCGCCCATG ACGGACTACG 
      CTAGATCGAA CGTCCTTTGT TCAGAAAAGA CCCAAGATTC GGGCGGGTAC TGCCTGATGC 
 
421   TTATCTTGAG CCCGAGGCAT GCATGCAGGC GGGCCAGCTA GCTGAACATT ACTTGTTGGT 
      AATAGAACTC GGGCTCCGTA CGTACGTCCG CCCGGTCGAT CGACTTGTAA TGAACAACCA 
 
481   CTTGGTTTGC TTCGTTAAAC CGATCACGCA GTTCTCTGGT CACCCGGTTT CAGCCTCGGT 
      GAACCAAACG AAGCAATTTG GCTAGTGCGT CAAGAGACCA GTGGGCCAAA GTCGGAGCCA 
 
541   ACGTAAACAA GGAACGCACA GCTAGACAAT CCTTGGGCCA AGTCAGAACC CCTCAGCTGG 
      TGCATTTGTT CCTTGCGTGT CGATCTGTTA GGAACCCGGT TCAGTCTTGG GGAGTCGACC 
 
601   TGACAGGAGT GTACATACAT TTAGGTCTAA GTGCGAGGCA ACGAAAAGGG CGGGCTACTC 
      ACTGTCCTCA CATGTATGTA AATCCAGATT CACGCTCCGT TGCTTTTCCC GCCCGATGAG 
 
661   TCCCGGAGAA AGCCTTCACA TTGTGTGTTT CTTTCCGCTT TCAATTGAGA ATTCCTGAAT 
      AGGGCCTCTT TCGGAAGTGT AACACACAAA GAAAGGCGAA AGTTAACTCT TAAGGACTTA 
 
721   TCCTTCCTCA CCTCCACG 
      AGGAAGGAGT GGAGGTGC 
 
Figure 4.1:  Schematic map and sequence  of A. flavus 3357 wildtype aflR promoter (738bp). 
The two putative PacC binding sites are indicated in green on the schematic map and as bold italicised and 
underline text in the sequence. PacC binding sites 1 and 2 begin at 252bp and 577bp from the start of the 
promoter respectively. Putative binding sites for several known regulatory proteins are also shown on the 
schematic map. Percentage in brackets indicates degree of homology to sequences of the respective consensus 
binding sites.  
3357 aflR promoter
738 bp
PacC Binding Site 1
PacC Binding Site 2
AreA (1)
SacI (346)
AflR binding site  (100.0%)
AbaA putative binding site 1 (100.0%)
brlA binding site 1 (85.7%)
brlA binding site 1 (85.7%)
AreA putative binding site (80.6%)
AreA putative binding site (80.6%)
AreA putative binding site (80.6%)
CreA putative binding site  (75.0%)
CreA putative binding site  (75.0%)
CreA putative binding site  (75.0%)
CreA putative binding site  (75.0%)
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4.2 MATERIALS AND METHODS 
4.2.1 Fungal Strains and General Growth Conditions 
Strains of Aspergillus spp. used for the studies below were A. flavus 3357.5 transformants 
expressing GFP under the control of the wildtype or mutated aflR promoters (Table 4.1). 
These transformants express GFP under the control of: (i) the wildtype aflR promoter [clones 
GFP-WT (6) and GFP-WT (9)]; (ii) the aflR promoter containing the mutation in PacC 
binding site 1 [clones GFP-M1 (5) and GFP-M1 (11)]; (iii) the aflR promoter containing the 
mutation in PacC binding site 2 [clones GFP-M2 (3) and GFP-M2 (4)] and (iv) the aflR 
promoter containing mutations in both PacC binding sites [clones GFP-M1M2 (6) and GFP-
M1M2 (7)]. Routine culturing was performed by growing fungal transformants on glucose 
minimal medium (GMM) [50ml/l 20x salts6 with NaNO3
 
(7mM); 1ml/l trace elements7; 
55.5mM glucose (dextrose); adjusted to pH 6.5 with NaOH]. For solid media, agar (15g/l) 
was added to liquid broth before autoclaving. 
 
 4.2.2 pH Regulation of the aflR Promoter  
To investigate pH regulation of the aflR promoter and the importance of the PacC binding 
sites within the aflR promoter, fungal transformants expressing GFP were cultured by a 
modification of the methods of Price et al (2005). Initially, conidia of each transformant were 
inoculated onto GMM (pH 6.5) agar plates, grown at 28°C for 5-7 days. Thereafter conidia 
were harvested in 0.1% Tween 20 and counted with a haemocytometer. To investigate the 
mechanism of pH regulation on the aflR promoter an aflatoxin inducing medium (Sucrose 
Low Salts, SLS) was used and the pH varied according to Price et al (2005). Conidia (1 × 
106/ml) of each transformant were inoculated in triplicate into 24 well cell culture plates 
containing 1.5ml of SLS broth (85 g/L sucrose; 10 g/L asparagine and 50 ml/l 20 x salts [70 
g/l (NH4)2SO4; 15 g/l KH2PO4; 7 g/l MgSO4.7H2O; 1.5 g/l CaCl2.2H2O; 0.4 g/l 
ZnSO4.7H2O; 0.1 g/l MnCl2.4H2O; 0.04 g/l (NH4)6Mo7O24; 0.04 g/l Na2B4O7; 0.04 g/l 
FeSO4.7H2O]) adjusted to pH 4.5 with 100 mM Citric acid or pH 8.0 with 100 mM Tris base 
(Price et al, 2005) and incubated at 28°C for 48 hours in the dark. Thereafter, the entire 
culture (mycelial mat and broth) were transferred to sterile 2 ml eppendorf tubes and 
centrifuged at 16 500xg for 5 minutes. The broth was discarded and the mycelial mat was 
snap frozen in liquid nitrogen and stored at -80°C until needed for RNA isolation. 
                                                 
6 20x salts with NaNO3 (1 litre): NaNO3 (141 mM); KCl (139.5 mM); MgSO4.7H20 (65.24 mM); KH2PO4 
(223.39 mM); ddH20 (1000 ml). 
7 Trace elements (100 ml): ZnSO4.7H20 (2.2 g); H3BO3 (1.1 g); MnCl2.4H20 (0.5 g); FeSO4.7H20 (0.5 g); 
CoCl2.7H20 (0.16 g); CuSO4.5H20 (0.16 g); (NH4)6.Mo7O24.4H20 (0.11 g), Na4EDTA (5 g); ddH20 (100 ml). 
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Table 4.1: Strains expressing gfp under the control of the wildtype and mutated aflR 
promoters. 
 
Clone reference Designation of aflR promoter 
Number of intact 
PacC binding sites 
Position of PacC binding site 
mutation/s (relative to aflR start 
codon) 
GFP- WT (6) & (9) praflRPacC-WT 2 0 
GFP-M1 (5) & (11) praflRΔPacCM1 1 - 487bp 
GFP-M2 (3) & (4) praflRΔPacCM2 1 - 162 bp 
GFP-M1M2 (6) & (7) praflRΔPacCM1M2 0 - 487bp   & - 162 bp 
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 4.2.3 Carbon Regulation of the aflR Promoter  
It is generally known that simple carbohydrates such as sucrose and glucose stimulate 
aflatoxin production while other carbohydrates such as lactose inhibit aflatoxin production 
(Price et al, 2005). Furthermore, the aflR promoter has two putative carbon catabolite 
repressor (CreA) binding sites (5′ - AGAGGGG -3′) that are close to the PacC binding sites. 
These CreA binding sites are located 80bp downstream of each PacC binding site (Figure 
4.1). Since there are two CreA binding sites close to the PacC binding sites, the role of carbon 
source regulation in relation to pH regulation of the aflR promoter was investigated on both 
SLS and LLS medium adjusted to pH 4.5 and pH 8.0 (as described in section 4.2.2).  
Sucrose was chosen as the aflatoxin conducive carbon source and lactose as the inhibitory 
carbon source as previously done (Reddy et al, 1971; Buchanan and Stahl, 1984; Price et al, 
2005). To investigate the role of carbon regulation of the aflR promoter, fungal transformants 
were cultured as described in section 4.2.2 with the following modifications: conidia of each 
transformant were inoculated onto GMM (pH 6.5) agar plates and grown at 28°C for 5-7 
days. Thereafter, conidia were harvested in 0.1% Tween 20 and counted with a 
haemocytometer. Conidia (1 × 106/ml) were inoculated into 1.5 ml SLS or Lactose Low Salts 
(LLS) broth as described in section 4.2.2. Lactose Low Salts broth is identical in composition 
to SLS, except that lactose (85 g/l) is used as the sole carbon source instead of sucrose. After 
48 hours mycelia were harvested as described above and stored at -80°C until needed for 
RNA isolation. 
 
4.2.4 Nitrogen Regulation of the aflR Promoter  
It has been shown previously that organic nitrogen sources such ammonium stimulate 
aflatoxin production while inorganic nitrogen sources such as nitrates inhibit aflatoxin 
production (Kachholz and Demain, 1983; Price et al, 2005). However microarray analysis 
has already shown that nitrate has no effect on aflR expression (Price et al, 2005; Georgianna 
and Payne, 2009). Thus ammonium sulphate was used as the sole nitrogen source and the 
concentration increased to 117 mM (Kachholz and Demain, 1983). This was done to 
determine whether or not increasing the ammonium concentration enhanced aflR promoter 
activity and whether or not this increase reverses the inhibitory effect of PacC on aflR 
promoter activity. Fungal transformants were cultured as described in section 4.2.2 with the 
following modifications: conidia (1 × 106/ml) of each transformant were inoculated in 
triplicate into 1.5 ml SLS broth containing ammonium sulphate (aflatoxin inducing) adjusted 
to pH 4.5 (with 100 mM citric acid) as the sole nitrogen source and grown at 28°C for 48 
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hours in the dark. It has previously been shown that adjusting media containing an inducing 
nitrogen source to alkaline pH inhibited aflatoxin production in A. flavus (Cotty, 1988; Keller 
et al, 1997). Thus, to determine if PacC inhibits aflR promoter activity in media containing a 
stimulatory nitrogen source at alkaline pH, the cultures were also grown in SLS medium 
containing ammonium sulphate and with the pH adjusted to pH 8.0 (with 100 mM Tris base) 
as described above. After 48 hours the mycelia were harvested as described above and stored 
at -80°C until needed for RNA isolation. 
 
 4.2.5 RNA Isolation and Quantification  
Approximately 50 mg of mycelia was transferred into sterile 2 ml eppendorf tubes and 
crushed to a fine powder under liquid nitrogen. Thereafter total RNA was isolated using the 
Aurum Total RNA Isolation kit (Bio Rad) according to the manufacturer’s instructions for 
eukaryotic and plant cell material with the following modifications: the times for each 
centrifugation step was increased to 1 minute and the incubation time for DNAse I digestion 
was increased to 20 minutes. Total RNA was eluted into 40ul of sterile elution buffer and 
stored at -80° until required.  
Total RNA (1 μl) of each isolate was loaded into a Eukaryotic Total RNA Nano chip 
(Agilent Technologies) and quantified on the Expert 2100 bioanalyzer (Agilent 
Technologies) according to the manufacturer’s instructions.   
 
 4.2.6 RT-qPCR Analysis of gfp Expression  
The difference in expression of the gfp gene under the control the wildtype and mutated 
promoters was determined by real time quantitative PCR (RT-qPCR). RT-qPCR (using the 
gfp primers) was performed using 10 ng of total RNA isolated from the transformants 
expressing gfp after growth under the different carbon, nitrogen and pH conditions to 
determine the (1) mechanism of regulation of the aflR promoter at alkaline pH by PacC, (2) 
carbon source regulation of the aflR promoter in relation to pH and (3) nitrogen source 
regulation of the aflR promoter in relation to pH. RT-qPCR was performed using the iScript 
One-Step Real Time PCR SYBR Green kit (Bio Rad). From total RNA, GFP mRNA was 
first converted into cDNA using gfp specific primers by incubation of the reaction mix at 
42°C for 15 minutes. After cDNA synthesis, the reverse transcriptase was destroyed by 
heating at 95°C for 5 minutes, which also activated the iScript DNA polymerase. Thereafter 
qPCR was performed as described in section 3.2.4 except that the annealing temperature for 
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the gfp primers was 54.6°C. RT-qPCR was performed in duplicate for each isolate. Melt-
curves were generated for each isolate as well to determine specificity and robustness of 
amplification and to determine if any primer dimers were formed that could affect the 
reliability of the RT-qPCR data. Furthermore appropriate controls were included in each run; 
these included a no-template control, an inter-run variation control and a no reverse 
transcription control. After RT-qPCR, the quantification cycle (Cq) values of each sample 
was determined and this data imported into Microsoft Excel for further analysis. Samples 
which failed to generate proper amplification plots or unreliable Cq values were re-analysed 
by qPCR.  
 
 4.2.7 Normalization of RT-qPCR Expression Data  
The formatted qPCR data (Cq values) from Microsoft Excel were imported into the 
Relative Expression Software Tool (REST 2009, Qiagen). This tool was used to normalize 
expression of gfp under the control of the mutated and wildtype aflR promoters to that of the 
Histone H4 and Cytox reference genes under a particular treatment e.g. Cq values of gfp gene 
expression in GFP transformants grown on SLS (pH 4.5) were normalized to Cq values of 
Histone H4 and Cytox genes grown under the same conditions.  
After normalisation against Histone H4 and Cytox genes, relative expression ratios of gfp 
under the control of the mutated aflR promoters were calculated against expression of gfp 
under the control of the wildtype aflR promoter for each experimental treatment (pH, carbon 
source and nitrogen source). Thus the wildtype aflR promoter was used as the control since 
both of its PacC binding sites were unchanged, thereby allowing PacC to bind and regulate 
expression of gfp.  Relative expression ratios were also calculated for gfp expression under 
the control of the wildtype and mutated promoters (GFP-WT, GFP-M1 and GFP-M2) 
normalized against expression of GFP-M1M2 for each experimental treatment (pH, carbon 
source, nitrogen source). In this case GFP-M1M2 was used to validate the results obtained 
when normalized against GFP-WT since in GFP-M1M2 both PacC binding sites within the 
aflR promoter were mutated, thus preventing PacC regulation of the aflR promoter.  
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4.3 RESULTS AND DISCUSSION 
 4.3.1 RNA Isolation and Quantification 
Total RNA was successfully isolated from mycelia (as described in section 4.2.5) using 
the Bio Rad Aurum Total RNA Isolation Kit. Table 4.2 shows the concentration of RNA 
isolated from all the GFP transformants after growth under conditions described in sections 
4.2.2 - 4.2.4. The isolated RNA was generally of high quality and integrity as RIN values 
were at least 5 for all samples (Table 4.2) although 85% of samples had RIN values above 
6.3. RNA isolated from one sample (GFP-M1 clone 5) grown on SLS + ammonium medium 
(pH 8.0) had a low RIN value of 2.9. However, this did not affect the qPCR in any significant 
way as Cq values (of gfp expression) for this sample were nearly identical to that of its 
replicate clone (i.e. GFP-M1 clone 11). This could be due to the fact that qPCR of the gfp 
gene was done using a one-step qPCR reaction using GFP gene-specific primers instead of a 
two-step reaction using a mixture of random hexamers and Oligo-dT primers (for cDNA 
synthesis). It is a fact that a two-step qPCR reaction requires RNA of much higher integrity 
than a one-step qPCR reaction with gene specific primers (Sigma, 2008). Furthermore, higher 
integrity is needed in order to detect an mRNA molecule of very low concentration in 
contrast to a target that is very highly expressed. 
The quality of isolated RNA is a critical factor in obtaining reliable and accurate gene 
expression data when performing microarray or qPCR analysis. Traditional approaches to 
assess the quality and concentration of RNA such as gel electrophoresis, ribosomal RNA 
ratios etc. are not very reliable since they rely on human visual interpretation of RNA quality 
while assessment of RNA integrity by ribosomal ratios is often inaccurate. Due to the 
sensitivity of qPCR analysis the use of these traditional methods is not recommended as 
changes in gene expression may be attributed to a particular experimental treatment when in 
reality this could be due to degraded or poor quality RNA.  
The Expert 2100 bioanalyzer analyzes the concentration and quality of an RNA sample 
by microfluidic electrophoretic separation of the isolated RNA sample by a special algorithm 
which takes the entire electrophoretic trace into account and generates an RNA Integrity 
Number (RIN). The RIN number is an indication of the overall quality and integrity of the 
purified RNA sample. This RIN value thus removes the inaccuracies associated with human 
interpretation of RNA quality, and has thus become the standard in assessing RNA quality. 
Very low RIN values indicate poor integrity and quality of RNA while high RIN (>5.0) 
values indicate RNA that is of high quality and integrity (Mueller et al, 2004; Fleige and 
Pfaffl, 2006).   
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Table 4.2: Concentration and quality of RNA isolated from the GFP expressing A. 
flavus strains with the Aurum Total RNA Isolation kit. 
 
Clone 
reference Medium pH 
[RNA] 
(ng/ul) RIN pH 
[RNA] 
(ng/ul) RIN 
GFP-WT (6) 
Su
cr
os
e 
Lo
w
 S
al
ts
 (S
LS
) M
ed
iu
m
 4.5 265.83 6.2 8.0 226.03 7.9 
GFP-WT (9) 4.5 141.78 6.8 8.0 181.15 7.4 
GFP-M1 (5) 4.5 270.69 7.0 8.0 10.27 10.0 
GFP-M1 (11) 4.5 89.58 5.9 8.0 44.70 7.8 
GFP-M2 (3) 4.5 16.04 7.0 8.0 15.66 9.8 
GFP-M2 (4) 4.5 10.17 10.0 8.0 12.38 10.0 
GFP-M1M2 (6) 4.5 24.39 6.7 8.0 667.41 5.5 
GFP-M1M2 (7) 4.5 53.90 5.6 8.0 88.18 5.6 
Clone 
reference Medium pH 
[RNA] 
(ng/ul) RIN pH 
[RNA] 
(ng/ul) RIN 
GFP-WT (6) 
Su
cr
os
e 
Lo
w
 S
al
ts
 (S
LS
) M
ed
iu
m
 
+ 
Am
m
on
iu
m
 su
lp
ha
te
 
4.5 201.94 5.4 8.0 798.00 6.9 
GFP-WT (9) 4.5 66.98 6.3 8.0 2789.03 6.5 
GFP-M1 (5) 4.5 120.69 6.6 8.0 331.69 2.9 
GFP-M1 (11) 4.5 167.12 6.3 8.0 22.04 8.0 
GFP-M2 (3) 4.5 65.42 6.4 8.0 136.38 6.8 
GFP-M2 (4) 4.5 106.97 6.7 8.0 23.35 7.4 
GFP-M1M2 (6) 4.5 15.37 9.4 8.0 95.24 7.3 
GFP-M1M2 (7) 4.5 807.60 5.0 8.0 184.94 8.0 
Clone 
reference Medium pH 
[RNA] 
(ng/ul) RIN pH 
[RNA] 
(ng/ul) RIN 
GFP-WT (6) 
La
ct
os
e 
Lo
w
 S
al
ts
 (L
LS
) m
ed
iu
m
 4.5 39.15 9.0 8.0 47.15 7.3 
GFP-WT (9) 4.5 101.10 7.0 8.0 76.33 7.3 
GFP-M1 (5) 4.5 120.73 9.1 8.0 26.98 7.3 
GFP-M1 (11) 4.5 171.84 9.0 8.0 36.69 7.7 
GFP-M2 (3) 4.5 157.32 8.7 8.0 20.21 7.0 
GFP-M2 (4) 4.5 115.37 8.9 8.0 40.83 7.8 
GFP-M1M2 (6) 4.5 152.18 8.7 8.0 20.79 7.2 
GFP-M1M2 (7) 4.5 71.46 8.6 8.0 26.53 7.4 
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 4.3.2 RT-qPCR Analysis of Gene Expression 
In this study RT-qPCR data was performed in order to determine if PacC negatively 
regulates aflR promoter activity under different experimental conditions. Furthermore, since 
there are two PacC binding sites within the aflR promoter RT-qPCR data was analysed to 
determine if PacC binds to either one or both of the PacC binding sites within the aflR 
promoter. However the RT-qPCR data needed to be analysed appropriately in order to obtain 
valid results. The preferred method to analyse RT-qPCR data when conducting gene 
expression studies is relative quantification. 
There are two major methods of relative quantification i.e. normalisation against unit 
mass (e.g. cell number or quantity of nucleic acid) or normalisation relative to one or more 
reference genes. In this study normalisation of gene expression data against reference genes 
was chosen as this is the more common and preferred method (Huggett et al, 2005). 
However, there are several mathematical models that have been used to calculate relative 
expression ratios. The most common are the 2-ΔΔCT (Livak and Schmittgen, 2001) and the 
Pffafl methods (Pfaffl, 2001). The Livak and Schmittgen (or 2-ΔΔCT ) Method  assumes that 
the efficiency of the primers are 100% and further does not facilitate normalisation against 
more than one reference gene. In contrast, the Pfaffl Method (2001) takes into account the 
actual efficiencies of each primer set and facilitates the use of multiple reference genes, thus 
resulting in more accurate quantification of gene expression data. As such, the Pfaffl method 
of relative quantification of RT-qPCR data for determining relative gene expression ratios 
was used in this study. 
Numerous software tools have been developed to calculate relative expression ratios 
based on the above models. In this study the Relative Expression Software Tool (Pfaffl et al, 
2002) software (REST2009 version; Qiagen) was chosen for relative quantification of RT-
qPCR data and for determining gene expression ratios. The REST software was chosen 
because it is able to calculate relative expression ratios using multiple reference genes, is able 
to correct for differences in efficiencies of sample, has been cited in numerous publications 
and furthermore performs statistical analysis of the RT-qPCR data. 
The REST software analyzes statistical significance of calculated gene expression ratios 
by Pair-Wise Fixed Reallocation Randomisation tests as opposed to standard parametric tests 
such as ANOVA or t-tests (Pfaffl et al, 2002). When using standard parametric tests certain 
assumptions, such as the normality of distributions, need to be assumed. However, since 
relative expression is based on calculations of gene ratios (which may have high variances) a 
normal distribution would not be expected (Pfaffl et al, 2002). Randomisation tests do not 
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require data to have any distribution pattern and are based on the principle that treatments 
were randomly allocated which should be true when analysing changes in gene expression 
(Pfaffl et al, 2002). The REST software uses a Pair-Wise Fixed Reallocation Randomisation 
tests to repeatedly and randomly reallocate observed values to two groups and calculates the 
apparent effect (relative expression ratio) each time (Pfaffl et al, 2002). The proportion of 
these effects is equal to the actual effects (relative expression ratios) observed in the 
experiment and determines the P-value of the test (Pfaffl et al, 2002). Thus, by using 
randomisation tests to calculate statistical significance, the reliability and validity of the 
calculated expression ratios increases. Additionally the REST software generates box-and-
whisker plots of the calculated expression ratios which give a better indication of the 
“skewness” of the data.  
 
4.3.3 RT-qPCR Analysis of pH Regulation  
The focus of this study was to investigate the hypothesis that negative regulation of 
aflatoxin biosynthesis at alkaline pH is due to inhibition of aflR expression by PacC which 
may bind to one or both PacC binding sites within the aflR promoter. This hypothesis was 
tested by mutating the PacC binding sites within the aflR promoter, fusing the wildtype and 
mutated promoters to gfp (Chapter 2) and then monitoring gfp expression by RT-qPCR under 
different experimental conditions. Cq values for each sample were determined from the 
iCycler software and are shown in Table 4.3 and relative expression ratios of the RT-qPCR 
data was calculated as described in Section 4.2.6.  
 
 4.3.3.1 Normalisation of gfp expression against GFP-WT on SLS medium (pH 4.5)  
Comparison of gfp expression under the control of the mutated aflR promoters (GFP-M1, 
GFP-M2 & GFP-M1M2) against gfp expression under the control of wildtype promoter on 
SLS medium at pH 4.5 indicated that relative expression of GFP-M1, GFP-M2 and GFP-
M1M2 were 27.379 (P=0.198), 14512.42 (P=0.008) and 16102.53 (P=0.009) respectively 
compared to GFP-WT (Table 4.4 and Figure 4.2). Therefore expression of gfp in 
transformants GFP-M2 and GFP-M1M2 was significantly higher than in GFP-WT at acidic 
pH, while the relative expression of GFP-M1 was not statistically different (P=0.198) to 
expression of GFP-WT. This implies that at acidic pH, mutation of PacC binding site 1 (GFP-
M1) had no significant effect on aflR promoter activity, while mutation of PacC binding site 
2 (GFP-M2) and mutation of both PacC binding sites together (GFP-M1M2) resulted in very 
high aflR promoter activity and hence higher gfp expression that GFP-WT. 
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Table 4.3: Cq values obtained for gfp expression on Sucrose Low Salts (SLS) medium 
at acidic and alkaline pH. 
 
Strain SLS (pH 4.5) – in duplicate SLS (pH 8.0) – in duplicate 
GFP-WT (6) 38.1 40.8 43.4 42.8 
GFP-WT (9) 38.5 39.8 43.6 42.8 
GFP-M1 (5) 39.7 38.3 35.7 34.9 
GFP-M1 (11) 29.8 30.3 37.1 37.5 
GFP-M2 (3) 25.6 24.8 29.3 29.7 
GFP-M2 (4) 25.0 26.5 31.5 32.4 
GFP-M1M2 (6) 24.1 25.0 36.0 35.7 
GFP-M1M2 (7) 26.3 25.9 32.2 32.0 
GFP-M2 (3) Inter-run variation control Cq's = 35.2 and 35.1 
No template control Inter-run negative control Cq’s = 42.8 and 44.7 
 
Table 4.4: REST analysis of gfp expression: Mutants (GFP-M1, GFP-M2 & GFP-
M1M2) normalised against GFP-WT on Sucrose Low Salts (SLS) medium 
(pH 4.5). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.231 
    
cox5 REF 1 0.812 
    
GFP-WT GOI 1 1 0.356 - 2.817 0.165 - 6.494 0.772 NO CHANGE 
GFP-M1 GOI 1 27.379 0.623 - 1027.685 0.242 - 2725.105 0.198 NO CHANGE 
GFP-M2 GOI 1 14512.415 5871.265 - 31110.106 3370.983 - 80529.009 0.008 UP 
GFP-M1M2 GOI 1 16102.533 7694.492 - 38808.390 4898.393 - 66842.616 0.009 UP 
 
Table 4.5: REST analysis of gfp expression: GFP-WT, GFP-M1 & GFP-M2  
normalised against GFP-M1M2 on Sucrose Low Salts medium (pH 4.5).  
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.231 
    
cox5 REF 1 0.812 
    
GFP-WT GOI 1 0 0.000 - 0.000 0.000 - 0.000 0.012 DOWN 
GFP-M1 GOI 1 0.002 0.000 - 0.093 0.000 - 0.153 0.015 DOWN 
GFP-M2 GOI 1 1.231 0.624 - 2.594 0.489 - 4.274 0.671 NO CHANGE 
GFP-M1M2 GOI 1 1.366 0.913 - 1.803 0.762 - 2.724 0.221 NO CHANGE 
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Figure 4.2: Relative expression of GFP-M1, GFP-M2 and GFP-M1M2 normalised against GFP-WT on 
Sucrose Low Salts medium at acidic pH (pH 4.5). 
The REST2009 software has a maximum scale of 10000 for the “expression ratio” As such this graph was re-
plotted in Microsoft Excel. NB: Error bars indicate the 95% confidence of gene expression ratios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Relative expression of GFP-WT, GFP-M1 and GFP-M2 normalised against GFP-M1M2 on 
Sucrose Low Salts medium at acidic pH (pH 4.5). 
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In order to validate the above results, the RT-qPCR data was also normalised against 
GFP-M1M2 (Table 4.5, Figure 4.3). Expression of GFP-WT and GFP-M1 is down-regulated 
while expression of GFP-M2 is not statistically different (P=0.671) to GFP-M1M2 at acidic 
pH. This implies that although the relative expression ratios of GFP-M2 and GFP-M1M2 
when normalised against GFP-WT are 14512.42 and 16102.53 respectively, the difference 
between GFP-M2 and GFP-M1M2 is not statistically significant (P=0.671). Therefore, the 
loss of PacC binding site 2 signficantly increased gfp expression when compared to GFP-WT. 
Thus, PacC appears to bind preferentially to PacC binding site 2 in the aflR promoter and 
only weakly (if at all) to PacC binding site 1 at acidic pH, in order for GFP-M2 and GFP-
M1M2 expression to be similar.   
The difference in gfp expression between transformants at acidic pH was unexpected, 
since it is generally accepted that PacC is in the closed 72 kDa inactive conformation and no 
negative regulatory activity of PacC has been previously shown to occur at acidic pH (Orejas 
et al, 1995; Penalva and Arst, 2003). Thus at acidic pH, the enhanced gfp expression levels of 
GFP-M1, GFP-M2 and GFP-M1M2 relative to GFP-WT may possibly occur only if the 
active 27 kDa or open 52 kDa PacC protein is present (albeit at very low levels) to cause low-
level repression of GFP-M1 and GFP-M2 but which is unable to repress expression of GFP-
M1M2 (since in this clone both PacC binding sites have been mutated). A somewhat similar 
effect was also observed by Ehrlich et al (2002), who reported that mutation of the PacC 
binding site in the aflC promoter in A. parasiticus resulted in reduced expression at an acidic 
pH relative to the wildtype promoter i.e. in this case it appeared that PacC was responsible for 
activation of aflC at acidic pH.  
This implies that some PacC protein is most probably available either in the 27-kDa 
active form or in the 53-kDa open conformation at acidic pH. It has been reported that 
conversion of PacC to the 27 kDa active form can occur at acidic pH independently of the 
pal-signalling pathway although this occurs very rarely and at relatively low levels compared 
to alkaline pH mediated activation of PacC (Mingot et al, 2001; Penalva and Arst, 2004). 
Thus, the differences in gfp expression of GFP-M1, GFP-M2 and GFP-M1M2 relative to 
GFP-WT at acidic pH are probably due to the negative regulatory effect of any PacC protein 
that is present in the 27-kDa active or 53-kDa open forms.  
In the clones used for this study, the aflR promoters were identical except for the number 
and position of PacC binding site mutations. From the results obtained it appears that at 
acidic pH gfp expression levels are indeed determined by the position and number of PacC 
binding sites present in the aflR promoter. When both PacC binding sites were mutated in the 
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aflR promoter the GFP-M1M2 clones had the highest relative gfp expression ratios, but when 
PacC binding site 1 was mutated (which is furthest away from the start codon), the 
corresponding GFP-M1 clones had the lowest relative gfp expression ratios. Thus the results 
strongly suggests that PacC binding site 2 (which is closest to the aflR start codon) 
preferentially influences PacC regulation of aflR promoter activity rather than PacC binding 
site 1. 
 
 4.3.3.2 Normalisation of gfp expression against GFP-WT on SLS medium (pH 8.0)  
The expression ratios of GFP-M1, GFP-M2 & GFP-M1M2 relative to GFP-WT on SLS 
medium at alkaline pH were 115.36 (P=0.02), 5499.18 (P=0.024) and 578.03 (P=0.023) 
respectively (Table 4.6, Figure 4.4) indicating that expression of all mutants was up-regulated 
at alkaline pH in relation to the wildtype promoter. However the levels of up-regulation differ 
between the respective clones. Differences in upregulation was expected for GFP-M1 and 
GFP-M2, since these clones lack one PacC binding site and differ only in the position of the 
available PacC binding site. Theoretically, there should be higher gfp expression for the GFP-
M1M2 clones at alkaline pH, and the relative expression ratio of GFP-M1M2 (normalised 
against GFP-WT at alkaline pH) was unexpected since both PacC binding sites were mutated 
in the aflR promoter of this clone.  
Comparison of the relative expression ratios of GFP-M1 and GFP-M2 (normalised 
against GFP-WT) suggests that PacC binding site 2 (which is closer to the start codon) plays 
a greater regulatory role during pH regulation of the aflR promoter. Previous studies have 
also shown that PacC may exhibit higher affinity for one or more recognition sites (Espeso 
and Penalva, 1996). Examination of the aflR promoter sequence shows that both PacC 
binding sites are in the same 5′ to 3′ orientation and are nearly identical differing only in the 
“R” base of the consensus sequence (5′-GCCARG-3′) i.e. the sequence of PacC binding site 1 
is 5′-GCCAGG-3′) while the sequence for PacC binding site 2 is 5′-GCCAAG-3′. Thus if 
PacC has a higher affinity for PacC binding site 2 it may be due to the presence of the 
adenine nucleotide at base number 5 in the sequence 5′-GCCAAG-3′ or could simply be due 
to the fact that PacC binding site 2 is closer to the start codon.  
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Table 4.6: REST analysis of gfp expression: Mutants (GFP-M1, GFP-M2 & GFP-
M1M2) normalised against GFP-WT on Sucrose Low Salts (SLS) medium 
(pH 8.0). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1 
    
cox5 REF 1 1 
    
GFP WT GOI 1 1 0.603 - 1.660 0.376 - 2.663 0.949 NO CHANGE 
GFP M1 GOI 1 115.36 70.050 - 221.948 40.457 - 332.086 0.02 UP 
GFP M2  GOI 1 5499.177 2818.761 - 11043.842 1387.543 - 16323.623 0.024 UP 
GFP M1M2 GOI 1 578.03 83.826 - 3762.276 63.484 - 6132.012 0.023 UP 
 
 
 
 
Table 4.7: REST analysis of gfp expression: GFP-WT, GFP-M1 & GFP-M2 
normalised against GFP-M1M2 on Sucrose Low Salts (SLS) medium (pH 
8.0). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.231 
    
cox5 REF 1 0.812 
    
GFP WT GOI 1 0.002 0.000 - 0.013 0.000 - 0.022 0.025 DOWN 
GFP M1 GOI 1 0.273 0.055 - 1.779 0.029 - 2.755 0.276 NO CHANGE 
GFP M2 GOI 1 12.996 2.968 - 89.032 0.979 - 136.681 0.083 NO CHANGE 
GFP M1M2 GOI 1 1.366 0.059 - 28.392 0.045 - 51.345 0.514 NO CHANGE 
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Figure 4.4: Relative expression of GFP-M1, GFP-M2 and GFP-M1M2 normalised against GFP-WT on 
Sucrose Low Salts medium at alkaline pH (pH 8.0). 
The REST2009 software has a maximum scale of 10000 for the “expression ratio” As such this graph was re-
plotted in Microsoft Excel. NB: Error bars indicate the 95% confidence of gene expression ratios. 
 
 
 
 
 
 
 
 
3.3.4. Carbon source regulation of the aflR promoter  
 
 
Figure 4.5: Relative expression of GFP-WT, GFP-M1 and GFP-M2 normalised against GFP-M1M2 on 
Sucrose Low Salts medium at alkaline pH (pH 8.0). 
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In order to test if PacC has a higher affinity for PacC binding site 2, RT-qPCR data of the 
GFP-M1 and GFP-M2 were normalised against GFP-M1M2 at alkaline pH (Table 4.7, Figure 
4.5). This indicated that there is no statistically significant difference between GFP-M1 (or 
GFP-M2) and GFP-M1M2 (P=0.276 and 0.083 respectively). This implies that although 
mutation of the PacC binding sites within the aflR promoter resulted in increased gfp 
expression at alkaline pH (when normalised against GFP-WT), PacC does not bind 
preferentially to PacC binding site 1 or 2 at alkaline pH (when normalised against GFP-
M1M2). This could be due to the fact that at alkaline pH, pacC expression is upregulated and 
almost all of the PacC protein exists in the nucleus as the 27 kDa active form. Therefore the 
concentration of the active PacC protein would be considerably higher at alkaline pH than it 
would be at acidic pH. This may result in saturation of the aflR promoter by the PacC protein 
thus preventing determination of the preferred PacC binding site at alkaline pH. Furthermore, 
at alkaline pH, PacC may negatively regulate expression of both aflR and aflS by binding to 
both PacC binding sites within the aflR promoter. It is known that aflS is required for co-
activation of aflR thus if PacC binds to both recognition sites within the aflR promoter at 
alkaline pH, this would ensure that neither aflR nor aflS would be expressed thus resulting in 
complete inhibition of aflatoxin biosynthesis.  
 
 4.3.3.3 Comparison of gfp expression between acidic and alkaline pH on SLS 
medium  
According to the proposed hypothesis, aflR expression (& hence aflatoxin biosynthesis) is 
inhibited by PacC binding to one or both of its recognition sites within the aflR promoter at 
alkaline pH. Thus theoretically it is expected that expression of GFP-WT (which contains the 
wildtype aflR promoter) would be down regulated at alkaline pH (in comparison to acidic 
pH) due to negative regulation by PacC. It was also expected that when both PacC binding 
sites were mutated in clone GFP-M1M2, gfp expression on SLS medium at alkaline pH 
would be almost identical to expression at acidic pH, since PacC would not be able to bind to 
any of its recognition sites. A similar finding was observed in a study by Ehrlich et al (2002), 
wherein mutation of the PacC binding site in the promoter of the polyketide synthase A gene 
(aflC or pksA) resulted in similar GUS activities at both acidic and alkaline pH. However for 
this study, gfp expression of GFP-M1 and GFP-M2 may still be down-regulated at alkaline 
pH because one PacC binding site was still available for PacC to bind to and inhibit 
expression.  
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Normalisation of the Cq values obtained at alkaline pH on SLS medium (for each clone) 
against the respective Cq values obtained (for each clone) at acidic pH on SLS medium, 
indicated that at alkaline pH the relative expression ratios of GFP-WT, GFP-M1, GFP-M2, 
GFP-M1M2 clones were 0.095 (P=0.025), 0.031 (P=0.044), 0.036 (P=0.002) and 0.003 
(P=0.012) respectively (Table 4.8, Figure 4.6), implying that gfp expression for these clones 
was down regulated at alkaline pH in comparison to expression at acidic pH.  
This result was expected for GFP-WT, GFP-M1 and GFP-M2 since these clones contain 
at least one functional PacC binding site. Thus, at alkaline pH, PacC would be able to bind to 
the unmutated PacC binding site and repress aflR promoter activity. For GFP-M1M2 the 
observed result was unexpected since both PacC binding sites have been mutated in the aflR 
promoter of the GFP-M1M2 clones, thus PacC would not be able to bind to this promoter. 
However the relative change in GFP-M1M2 expression between acidic and alkaline pH on 
SLS medium is almost zero (0.003) and GFP-M1M2 has the lowest change in expression 
between acidic and alkaline pH when compared to GFP-WT, GFP-M1 or GFP-M2. 
Therefore, this data indicates that there is really no change in aflR promoter activity of GFP-
M1M2 between acidic and alkaline pH. This can only be due to the inability of PacC to bind 
to the aflR promoter of the GFP-M1M2 clones at both acidic and alkaline pH.   
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Table 4.8: REST analysis of gfp expression: Expression of GFP-WT, GFP-M1, GFP-
M2 & GFP-M1M2 on Sucrose Low Salts medium (pH 8.0) normalised 
against expression on Sucrose Low Salts medium (pH 4.5). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.231 
    
cox5 REF 1 0.812 
    
GFP-WT GOI 1 0.095 0.042 - 0.223 0.025 - 0.424 0.028 DOWN 
GFP-M1 GOI 1 0.031 0.002 - 0.489 0.001 - 1.255 0.044 DOWN 
GFP-M2 GOI 1 0.036 0.021 - 0.087 0.007 - 0.107 0.005 DOWN 
GFP-M1M2 GOI 1 0.003 0.001 - 0.021 0.000 - 0.029 0.016 DOWN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: Box and whiskers plot showing relative expression of GFP-WT, GFP-M1, GFP-M2 and 
GFP-M1M2 on SLS medium at pH 8.0 relative to expression on SLS medium at acidic pH (pH 4.5).  
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4.3.4 Carbon Regulation of the aflR Promoter  
In order to determine whether carbon source affected pH regulation of the aflR promoter 
via PacC, RT-qPCR was performed for all clones after growth either on an inducing carbon 
source (sucrose, SLS) or an inhibitory carbon source (lactose, LLS) at both acidic and 
alkaline pH. It should be noted that the effect of the stimulatory carbon source on aflR 
promoter activity has already been investigated in relation to pH (Section 4.3.2). Thus in this 
section the effect of an inhibitory carbon source (lactose) on aflR promoter activity in relation 
to pH will be discussed and comparisons against the effects of the inducing carbon source on 
aflR promoter activity be made. Cq values obtained for all gfp transformants on LLS medium 
at acidic and alkaline pH are shown in Table 4.9. 
 
 4.3.4.1 Normalisation of gfp expression against GFP-WT on LLS medium (pH 4.5)  
The expression data (Cq values) obtained after RT-qPCR for GFP-M1, GFP-M2 and 
GFP-M1M2 after growth on LLS medium (pH 4.5) were normalised against GFP-WT to 
determined the effect of the mutated PacC binding sites on aflR promoter activity at acidic 
pH. In relation to GFP-WT expression of GFP-M1, GFP-M2 and GFP-M1M2 increased by 
37.73 (P=0.001), 253.79 (P=0.015) and 3131.2 (P=0.005) respectively (Table 4.10, Figure 
4.7). This indicated that mutation of the PacC binding sites within the aflR promoter resulted 
in increased aflR promoter activity despite the fact that the cultures were grown on an 
inhibitory carbon source. Furthermore, this data seems to indicate that at acidic pH on an 
aflatoxin inhibitory carbon source PacC repression still occurs and is dependent on the 
number and position of the PacC binding sites within the aflR promoter, with the highest gfp 
expression occurring when both PacC binding sites were mutated. This trend is similar to that 
seen on SLS medium at acidic pH i.e. that expression levels in GFP-M1M2 transformants are 
higher than in GFP-M1 or GFP-M2 transformants on LLS at pH 8.0. From this data it appears 
that PacC possibly represses aflR promoter activity on LLS (pH 4.5) by binding to either of 
the recognition sites within the aflR promoter. It also appears that PacC preferentially binds 
to PacC binding site 2 since expression of GFP-M2 is higher than GFP-M1.  
Normalisation of the RT-qPCR data for GFP-WT, GFP-M1, GFP-M2 against GFP-
M1M2 on LLS (pH4.5) resulted in expression ratios of 0 (P=0.01), 0.01 (P=0.023) and 0.068 
(P=0.04) for GFP-WT, GFP-M1 and GFP-M2 respectively (Table 4.11, Figure 4.8). Since 
expression of GFP-M1 and GFP-M2 are both down-regulated in comparison to GFP-M1M2, 
this implies that PacC does not bind preferentially to either of the PacC binding sites within 
the aflR promoter. Thus, it can be concluded that at acidic pH on media containing an 
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inhibitory carbon source (lactose), any active PacC that may be present represses aflR 
promoter activity by binding to either one of the PacC binding sites within the aflR promoter. 
 
  
114 
 
Table 4.9: Cq values obtained for gfp expression on Lactose Low Salts (LLS) medium 
at acidic and alkaline pH. 
 
Strain LLS(pH 4.5) – in duplicate LLS (pH 8.0) – in duplicate 
GFP-WT (6) 39.8 40.9 44.6 43.4 
GFP-WT (9) 43.9 42.8 45.6 44.7 
GFP-M1 (5) 35.1 36.0 41.0 40.9 
GFP-M1 (11) 37.6 36.7 41.1 38.6 
GFP-M2 (3) 35.1 35.3 39.6 39.9 
GFP-M2 (4) 32.1 31.9 35.5 34.6 
GFP-M1M2 (6) 30.7 30.6 33.0 29.6 
GFP-M1M2 (7) 28.1 30.5 31.5 30.2 
GFP-M2 (3) Inter-run variation control Cq’s = 35.2 and 35.1 
No template control Inter-run negative control Cq’s = 42.8 and 44.7 
 
Table 4.10: REST analysis of gfp expression: Mutants (GFP-M1, GFP-M2 & GFP- 
M1M2) normalised against GFP-WT on Lactose Low Salts (LLS) medium 
(pH 4.5).  
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.026 
    cox5 REF 1 0.974 
    GFP WT TRG 1 0.834 0.295 - 2.628 0.106 - 5.802 0.748 NO CHANGE 
GFP M1 TRG 1 37.726 15.892 - 83.003 8.329 - 184.594 0.001 UP 
GFP M2  TRG 1 253.792 42.506 - 1481.662 32.180 - 3586.476 0.015 UP 
GFP M1M2  TRG 1 3131.200 916.077 - 8677.120 825.038 - 21877.840 0.005 UP 
 
Table 4.11: REST analysis of gfp expression: GFP-WT, GFP-M1 & GFP-M2 
normalised against GFP-M1M2 on Lactose Low Salts (LLS) medium (pH 
4.5).  
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.026 
    cox5 REF 1 0.974 
    GFP WT  TRG 1 0 0.000 - 0.001 0.000 - 0.002 0.01 DOWN 
GFP M1 TRG 1 0.01 0.003 - 0.035 0.001 - 0.071 0.023 DOWN 
GFP M2 TRG 1 0.068 0.012 - 0.537 0.003 - 1.453 0.04 DOWN 
GFP M1M2 TRG 1 0.834 0.241 - 3.810 0.069 - 8.509 0.846 NO CHANGE 
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Figure 4.7: Relative expression of GFP-M1, GFP-M2 and GFP-M1M2 normalised against GFP-WT on 
LLS medium at acidic pH (pH 4.5). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Relative expression of GFP-WT, GFP-M1 and GFP-M2 and normalised against GFP-M1M2 
on LLS medium at acidic pH (pH 4.5). 
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 4.3.4.2 Normalisation of gfp expression against GFP-WT on LLS medium (pH 8.0)  
The relative expression ratios of GFP-M1, GFP-M2 and GFP-M1M2 after normalisation 
against GFP-WT were 15.06 (P=0.002), 120.47 (P=0) and 9657.94 (P=0) respectively (Table 
4.12, Figure 4.9). This indicates that at an alkaline pH gfp expression of the mutants is 
upregulated in relation to GFP-WT, which implies that PacC negatively regulates aflR 
promoter activity on lactose medium at alkaline pH. Furthermore, mutation of both PacC 
binding sites together (GFP-M1M2) resulted in the highest gfp expression ratio. Additionally, 
mutation of PacC binding site 2 (GFP-M2) resulted in higher expression than mutation of 
PacC binding site 1 (GFP-M1) indicating that PacC has a higher affinity for PacC binding 
site 2 (which is closer to the aflR start codon) than binding site 1.  
Normalising expression data of GFP-WT, GFP-M1 and GFP-M2 against GFP-M1M2 on 
LLS (pH 8.0) indicated that GFP-WT had the lowest relative expression ratio (0, P=0.009). 
The expression ratio of GFP-M1 was slightly higher (0.001, P=0.014) while the expression 
ratio of GFP-M2 was even higher than GFP-WT (0.01, P=0.043) (Table 4.13, Figure 4.10). 
This confirms that on lactose medium at alkaline pH repression of aflR promoter activity is 
due to PacC binding to both its recognition sites, but that the 2nd PacC binding site (closest to 
the aflR start codon) has a higher effect on repression than PacC binding site 1.   
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Table 4.12: REST analysis of gfp expression: Mutants (GFP-M1, GFP-M2 & GFP-
M1M2) normalised against GFP-WT on Lactose Low Salts (LLS) medium 
(pH 8.0).  
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.026 
    cox5 REF 1 0.974 
    GFP WT TRG 1 0.834 0.358 - 1.989 0.199 - 3.592 0.66 NO CHANGE 
GFP M1 TRG 1 15.058 4.345 - 61.009 4.053 - 220.780 0.002 UP 
GFP M2  TRG 1 120.467 11.467 - 976.147 8.106 - 3,532.479 0 UP 
GFP M1M2 TRG 1 9657.941 2988.007 - 37089.778 1112.010 - 74578.134 0 UP 
 
 
 
Table 4.13: REST analysis of gfp expression: GFP-WT, GFP-M1 & GFP-M2 
normalised against GFP-M1M2 on Lactose Low Salts (LLS) medium (8.0).  
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.026 
    cox5 REF 1 0.974 
    GFP WT  TRG 1 0 0.000 - 0.000 0.000 - 0.001 0.009 DOWN 
GFP M1 TRG 1 0.001 0.000 - 0.006 0.000 - 0.057 0.014 DOWN 
GFP M2 TRG 1 0.01 0.001 - 0.108 0.000 - 0.969 0.043 DOWN 
GFP M1M2 TRG 1 0.834 0.154 - 4.118 0.060 - 23.433 0.867 NO CHANGE 
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Figure 4.9: Relative expression of GFP-M1, GFP-M2 and GFP-M1M2 normalised against GFP-WT on 
LLS medium at acidic pH (pH 8.0). 
The REST2009 software has a maximum scale of 10000 for the “expression ratio” As such this graph was re-
plotted in Microsoft Excel. NB: Error bars indicate the 95% confidence of gene expression ratios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: Relative expression of GFP-WT, GFP-M1 and GFP-M2 and normalised against GFP-M1M2 
on LLS medium at acidic pH (pH 8.0). 
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 4.3.4.3 Comparison of gfp expression between acidic and alkaline pH on LLS 
medium (pH 8.0)  
To determine if there were any differences in gfp expression between acidic and alkaline 
pH, RT-qPCR data obtained on LLS at pH8.0 for each clone was normalised against the 
expression data obtained for that clone at acidic pH. Expression of GFP-WT and GFP-M1 
were down-regulated by 0.126 (P=0.012) and 0.05 (P=0.004) respectively while there was no 
change in expression for GFP-M2 (0.06, P=0.148) and GFP-M1M2 (0.389, P=0.412) on LLS 
at alkaline pH (Table 4.14, Figure 4.11). Expression of GFP-WT is reduced on LLS at 
alkaline pH because the PacC binding sites of the aflR promoter in this construct have not 
been mutated. Therefore it appears that PacC binds to either one or both PacC sites and 
represses wildtype aflR promoter activity. In the GFP-M1 clones only PacC binding site 1 has 
been mutated but not PacC binding site 2. Thus expression of GFP-M1 was down-regulated 
due to PacC binding to PacC binding 2 which was not mutated in the aflR promoter. There is 
no change in expression of GFP-M2 and GFP-M1M2 between acidic and alkaline pH on LLS 
medium due to the fact that the PacC binding site 2 has been mutated in both these clones. 
Again this strongly suggests that PacC binding site 2 is the more important or preferred 
binding site for PacC for negative regulation of the aflR promoter. 
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Table 4.14: REST analysis of gfp expression: Expression of GFP-WT, GFP-M1, GFP-
M2 & GFP-M1M2 on Lactose Low Salts (LLS) (pH 8.0) normalised against 
expression on LLS medium (pH 4.5). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.026 
    cox5 REF 1 0.974 
    GFP-WT TRG 1 0.126 0.055 - 0.258 0.033 - 0.613 0.012 DOWN 
GFP-M1 TRG 1 0.05 0.020 - 0.310 0.017 - 0.496 0.004 DOWN 
GFP-M2 TRG 1 0.06 0.002 - 1.114 0.001 - 4.966 0.148 NO CHANGE 
GFP-M1M2 TRG 1 0.389 0.089 - 2.284 0.026 - 4.758 0.412 NO CHANGE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11: Box and whiskers plot showing relative expression of GFP-WT, GFP-M1, GFP-M2 and 
GFP-M1M2 on LLS medium at pH 8.0 relative to expression on LLS medium at acidic pH (pH 4.5).  
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 4.3.4.4 Comparison of gfp expression between SLS and LLS medium at acidic pH 
To determine if there is any difference in aflR promoter activity between an aflatoxin 
inhibitory carbon source (lactose) and an aflatoxin inducing carbon source (sucrose), 
expression data of GFP-WT, GFP-M1, GFP-M2 and GFP-M1M2 obtained on SLS medium 
at acidic pH were normalised against expression data of these clones obtained on LLS 
medium at acidic pH. Expression of GFP-WT and GFP-M1 were up-regulated by 3.67 
(P=0.066) and 2.23 (P=0.653) respectively although this was not statistically significant 
(Table 4.15, Figure 4.12). However, expression of GFP-M2 and GFP-M1M2 was 
significantly upregulated by 174.85 (P=0.004) and 15.73 (P=0.012) respectively (Table 4.15, 
Figure 4.12). This implies that sucrose has no effect on expression of GFP-WT and GFP-M1, 
but appears to stimulate expression of GFP-M2 and GFP-M1M2. 
It is interesting that there appears to be no difference in expression of GFP-WT and GFP-
M1 between an aflatoxin inducing carbon source (sucrose) and an aflatoxin inhibiting carbon 
source (lactose) respectively at acidic pH. This implies that PacC negatively regulates aflR 
promoter activity at acidic pH on either a conducive (sucrose) or non-conducive carbon 
source (lactose) by binding preferentially to PacC binding site 2. In contrast, expression of 
GFP-M2 and GFP-M1M2 was up-regulated after growth on an aflatoxin inducing carbon 
source (sucrose) in comparison to an aflatoxin inhibitory carbon source. This suggests that at 
acidic pH when the inhibitory effect of PacC is removed (due to mutation of PacC binding 
site 2 in clones GFP-M2 and GFP-M1M2), the inducing effect of sucrose results in 
upregulation of aflR promoter activity. Therefore, normally at acidic pH, sucrose stimulates 
aflR promoter activity but this stimulatory effect is neutralized by negative regulation of the 
aflR promoter by PacC i.e. negative regulation by PacC supersedes the positive induction of 
the aflR promoter by sucrose. 
Microarray analysis has shown that there is no difference in aflR expression levels when 
grown on lactose or sucrose medium (Price et al, 2005; Georgianna and Payne, 2009) at 
acidic pH. The results obtained in this study correlate with those of Price et al (2005) for the 
wildtype promoter. However, RT-qPCR analysis of GFP-M1, GFP-M2 and GFP-M1M2 
which contain aflR promoters in which one or both PacC binding sites were mutated 
indicated that at acidic pH, aflR promoter activity is repressed by PacC and lactose but 
stimulated by sucrose. These effects cannot be attributed to carbon catabolite repression by 
CreA as carbon catabolite repression occurs when the carbon source is glucose not lactose 
(Roze et al, 2004).  
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Table 4.15: REST analysis of gfp expression: Expression of GFP-WT, GFP-M1, GFP-
M2 & GFP-M1M2 on Sucrose Low Salts medium (pH 4.5) normalised 
against expression on Lactose Low Salts medium (pH 4.5). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 0.812    
 
cox5 REF 1 1.231    
 
GFP-WT TRG 1 3.668 1.425 - 8.953 0.711 - 21.099 0.066 NO CHANGE 
GFP-M1 TRG 1 2.219 0.047 - 80.502 0.030 - 114.489 0.653 NO CHANGE 
GFP-M2 TRG 1 174.853 23.743 - 1254.518 16.212 - 2116.142 0.004 UP 
GFP-M1M2 TRG 1 15.725 3.592 - 48.304 2.156 - 83.198 0.012 UP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: Box and whiskers plot showing expression of GFP-WT, GFP-M1, GFP-M2 and GFP-M1M2 
on SLS medium at pH 4.5 relative to expression on LLS medium at acidic pH (pH 4.5). 
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 4.3.4.5 Comparison of gfp expression between SLS and LLS medium at alkaline pH 
To determine if there is any relationship between PacC mediated inhibition of aflR 
promoter activity and carbon source at alkaline pH, expression data of the GFP clones on 
sucrose medium at alkaline pH were normalised against expression data obtained on lactose 
medium at alkaline pH. RT-qPCR data of GFP-WT on SLS medium (pH 8.0) normalised 
against its expression on LLS (pH 8.0) indicated that there was no stastically significant 
difference in relative gfp expression (2.756, P=0.054) of the wildtype aflR promoter between 
SLS and LLS medium at alkaline pH. However, expression of GFP-M1 and GFP-M2 was up-
regulated by 17.60 (P=0.016) and 104.87 (P=0.026) respectively while expression of GFP-
M1M2 was unchanged (0.137, P=0.152) on SLS at alkaline pH (Table 4.16, Figure 4.13) in 
relation to expression on LLS (pH 8.0).  
Expression of GFP-WT clones is unchanged between lactose and sucrose medium due to 
the fact that these clones contain the wildtype aflR promoter. Therefore at alkaline pH aflR 
promoter activity is highly repressed due to PacC binding to one or both recognition sites 
within the aflR promoter. Expression of GFP-M1M2 is also unchanged between SLS and 
LLS medium at alkaline pH. This is probably due to the fact that both PacC binding sites 
were mutated in the aflR promoter of the GFP-M1M2 clones; therefore PacC cannot bind to 
this mutated aflR promoter and gfp expression is very high on both SLS and LLS medium at 
alkaline pH. The results obtained for GFP-WT and GFP-M1M2 between LLS and SLS 
medium at alkaline pH indicate that there is no significant difference in aflR promoter activity 
between lactose and sucrose at alkaline pH.  
However, analysis of the relative expression data of GFP-M1 and GFP-M2 between LLS 
and SLS medium at alkaline pH indicate that aflR promoter activity is negatively affected by 
lactose in comparison to sucrose. In these clones only one PacC binding site has been 
mutated thus at alkaline pH PacC may still bind to the unmutated PacC binding site and 
repress aflR promoter activity. However the level of this repression would be lower than 
repression of the wildtype promoter (which has two PacC binding sites available). REST 
analysis shows that expression of GFP-M1 and GFP-M2 is up-regulated on sucrose medium 
in comparison to lactose medium at alkaline pH.  
This up-regulation can only be attributed to the stimulatory effect of sucrose on aflR 
promoter activity. REST analysis of GFP-WT and GFP-M1M2 failed to indicate the 
stimulatory effect of sucrose due to the fact that these clones were either highly repressed by 
PacC (GFP-WT) or not repressed at all by PacC (GFP-M1M2) which therefore masked the 
stimulatory effect of sucrose on aflR promoter activity. In contrast expression of GFP-M1 and 
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GFP-M2 were inhibited due to the one available PacC binding site and stimulated due to the 
one mutated PacC binding site therefore cancelling the effect of PacC on aflR promoter 
activity at alkaline pH. Thus, when the effect of PacC was removed, stimulation of aflR 
promoter activity that was observed in the GFP-M1 and GFP-M2 clones on SLS medium in 
comparison to LLS at alkaline pH can only be attributed to the stimulatory effect of sucrose.  
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Table 4.16: REST analysis of gfp expression: Expression of GFP-WT, GFP-M1, GFP-
M2 and GFP-M1M2 on Sucrose Low Salts medium (pH 8.0) normalised 
against expression on Lactose Low Salts medium (pH 8.0). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 0.974   
  
cox5 REF 1 1.026   
  
GFP-WT TRG 1 2.756 1.388 - 5.511 0.853 - 9.275 0.054 NO CHANGE 
GFP-M1 TRG 1 17.600 3.332 - 51.892 1.661 - 64.593 0.016 UP 
GFP-M2 TRG 1 104.873 10.780 - 1019.807 4.649 - 1393.670 0.026 UP 
GFP-M1M2 TRG 1 0.137 0.013 - 1.212 0.006 - 3.816 0.152 NO CHANGE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13: Box and whiskers plot showing expression of GFP-WT, GFP-M1, GFP-M2 and GFP-M1M2 
on SLS medium at pH 8.0 relative to expression on LLS medium at acidic pH (pH 8.0). 
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4.3.5 Nitrogen Regulation of the aflR Promoter  
In this study the effects of an increased ammonium sulphate concentration on aflR 
promoter activity of each mutant was investigated to determine if there is any relationship 
between nitrogen source regulation and pH regulation of the aflR promoter. RT-qPCR was 
performed for all clones after growth on SLS medium supplemented with ammonium 
sulphate at both acidic and alkaline pH. The corresponding Cq values are shown in Table 
4.17. 
 
 4.3.5.1 Normalisation of gfp expression against GFP-WT on SLS + NH4 medium 
(pH 4.5)  
Relative expression ratios of GFP-M1, GFP-M2 and GFP-M1M2 on SLS + NH4 medium 
(pH 4.5) after normalisation against GFP-WT were 1196.83 (P=0.019), 6770.28 (P=0.007) 
and 7512.10 (P=0.000) respectively (Table 4.18 and Figure 4.14). This indicates that 
expression of gfp in transformants containing the mutated aflR promoters is significantly 
upregulated in comparison to gfp expression under the control of the wildtype aflR promoter 
on SLS + NH4 medium at acidic pH. Furthermore, mutation of PacC binding site 1 results in 
the lowest increase in gfp expression, mutation of PacC binding site 2 results in higher gfp 
expression whilst mutation of both PacC binding sites results in the highest increase in gfp 
expression. This indicates that PacC negatively regulates aflR promoter activity on SLS + 
NH4 medium at acidic pH. It appears that PacC binds preferentially to PacC binding site 2 
since mutation of this site results in a much higher increase in gfp expression than when PacC 
binding site 1 was mutated. However, expression of GFP-M1M2 is higher than expression of 
GFP-M2 which implies that PacC probably also binds to PacC binding site 1 albeit very 
weakly.  
To determine if PacC binds preferentially to PacC binding site 2 within the aflR promoter 
on SLS + NH4 medium (pH 4.5) expression data of GFP-WT, GFP-M1 and GFP-M2 were 
normalised against GFP-M1M2. Expression of GFP-WT was significantly down-regulated 
(P=0.008), GFP-M1 was down-regulated by 0.159 (P=0.031) when normalised against GFP-
M1M2 on SLS + NH4 medium at acidic pH (Table 4.19 and Figure 4.15). Although the 
relative expression ratio of GFP-M2 was 0.901 this was not statistically significant 
(P=0.874), indicating that there is no difference in expression of GFP-M2 and GFP-M1M2 on 
SLS + NH4 medium at acidic pH. Since there is a significant difference in expression 
between GFP-M1 and GFP-M1M2 but no difference in expression between GFP-M2 and 
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GFP-M1M2 this confirms that PacC binding site 2 has a greater downregulating effect on 
aflR expression by PacC. 
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Table 4.17: Cq values obtained for gfp expression on Sucrose Low Salts medium 
supplemented with additional ammonium sulphate (SLS + NH4) at acidic 
and alkaline pH. 
Strain SLS+NH4 (pH 4.5) – in duplicate SLS+NH4 (pH 8.0) – in duplicate 
GFP-WT (6) 39.7 40.1 43.7 43 
GFP-WT (9) 42.6 38.2 43.4 43.5 
GFP-M1 (5) 31.1 30.3 42.7 40.3 
GFP-M1 (11) 29.2 29.1 42.5 42.1 
GFP-M2 (3) 26.8 28 34.5 34.1 
GFP-M2 (4) 26.6 28.3 34.1 34 
GFP-M1M2 (6) 25.3 26.7 32.7 32.4 
GFP-M1M2 (7) 28 29.1 31.7 32.1 
GFP-M2 (3) Inter-run variation control Cq’s = 35.2 and 35.1 
No template control Inter-run negative control Cq’s = 42.8 and 44.7 
 
Table 4.18: REST analysis of gfp expression: Expression of GFP-M1, GFP-M2 & GFP-
M1M2 on Sucrose Low Salts medium supplemented with additional 
ammonium sulphate (SLS + NH4) (pH 4.5) normalised against expression 
GFP-WT on SLS + NH4 medium (pH 4.5). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.053 
    cox5 REF 1 0.949 
    GFP-WT TRG 1 1 0.238 - 4.073 0.088 - 9.569 0.991 NO CHANGE 
GFP-M1 TRG 1 1196.828 323.103 - 4,912.466 88.000 - 12,137.492 0.019 UP 
GFP-M2 TRG 1 6770.281 1929.728 - 29072.953 524.780 - 70647.523 0.007 UP 
GFP-M1M2 TRG 1 7512.097 1617.568 - 34659.293 672.333 - 73054.490 0 UP 
 
Table 4.19: REST analysis of gfp expression: Expression of GFP-WT, GFP-M1 & GFP-
M2 on Sucrose Low Salts medium supplemented with additional 
ammonium sulphate (SLS + NH4) (pH 4.5) normalised against expression 
of GFP-M1M2 on SLS + NH4 medium (pH 4.5). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.053 
    
cox5 REF 1 0.949 
    
GFP-WT TRG 1 0 0.000 - 0.000 0.000 - 0.001 0.008 DOWN 
GFP-M1 TRG 1 0.159 0.060 - 0.504 0.026 - 0.901 0.031 DOWN 
GFP-M2 TRG 1 0.901 0.389 - 2.815 0.158 - 5.461 0.874 NO CHANGE 
GFP-M1M2 TRG 1 1 0.327 - 3.019 0.137 - 5.461 0.993 NO CHANGE 
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Figure 4.14: Box and whiskers plot showing expression of GFP-M1, GFP-M2 and GFP-M1M2 
normalised against GFP-WT on SLS +NH4 medium at pH 4.5. 
The REST2009 software has a maximum scale of 10000 for the “expression ratio” As such this graph was re-
plotted in Microsoft Excel. NB: Error bars indicate the 95% confidence of gene expression ratios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15: Box and whiskers plot showing expression of GFP-WT, GFP-M1 and GFP-M2 normalised 
against GFP-M1M2 on SLS +NH4 medium at pH 4.5. 
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 4.3.5.2 Normalisation of gfp expression against GFP-WT on SLS + NH4 medium 
(pH 8.0)  
Relative expression ratios of GFP-M1, GFP-M2 and GFP-M1M2 on SLS + NH4 medium 
(pH 8.0) after normalisation against GFP-WT were 2.83 (P=0.06), 598.41 (P=0.013) and 
2312.12 (P=0.017) respectively (Table 4.20 and Figure 4.16). This indicates that on SLS + 
NH4 medium at alkaline pH, expression of GFP-M1 is repressed due to PacC binding to 
PacC binding site 2 within the aflR promoter. Although the additional ammonium may 
stimulate aflR promoter activity, this not sufficient to overcome repression by PacC; hence 
there is no change in expression of GFP-M1. However, expression of GFP-M2 and GFP-
M1M2 is stimulated at alkaline pH in relation to GFP-WT. This is due to PacC being unable 
to repress aflR promoter activity since it could not bind to PacC binding site 2 which was 
mutated in these clones. Therefore it appears that PacC negatively regulates aflR promoter 
activity by preferentially binding to PacC binding site 2 when grown on SLS + NH4 medium 
at alkaline pH.  
To determine if PacC preferentially binds to PacC binding site 2 within the aflR promoter, 
expression of GFP-WT, GFP-M1 and GFP-M2 were normalised against expression of GFP-
M1M2 on SLS + NH4 medium at alkaline pH. The results indicated that expression of GFP-
WT and GFP-M1 were down regulated by ratios of 0 (P=0.022) and 0.001 (P=0.024) 
respectively. Expression of GFP-M2 was 0.259 which is not statistically different (P=0.052) 
to GFP-M1M2 (Table 4.21 and Figure 4.17). These results confirm that PacC negatively 
regulates aflR promoter activity by preferentially binding to PacC binding site 2 on SLS + 
NH4 medium at alkaline pH. 
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Table 4.20: REST analysis of gfp expression: Expression of GFP-M1, GFP-M2 & GFP-
M1M2 on Sucrose Low Salts medium supplemented with additional 
ammonium sulphate (SLS + NH4) (pH 8.0) normalised against expression 
of GFP-WT on SLS + NH4 medium (pH 8.0). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.053 
   
 
cox5 REF 1 0.949 
   
 
GFP-WT TRG 1 1 0.511 - 1.774 0.429 - 2.863 0.994 NO CHANGE 
GFP-M1 TRG 1 2.828 1.348 - 5.907 0.858 - 11.451 0.06 NO CHANGE 
GFP-M2 TRG 1 598.414 354.454 - 942.896 252.176 - 1804.559 0.013 UP 
GFP-M1M2 TRG 1 2312.119 1225.887 - 4470.577 878.126 - 9524.522 0.017 UP 
 
 
 
 
 
Table 4.21: REST analysis of gfp expression: Expression of GFP-WT, GFP-M1 & GFP-
M2 on Sucrose Low Salts medium supplemented with additional 
ammonium sulphate (SLS + NH4) (pH 8.0) normalised against expression 
of GFP-M1M2 on SLS + NH4 medium (pH 8.0). 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.053 
    cox5 REF 1 0.949 
    GFP-WT TRG 1 0 0.000 - 0.001 0.000 - 0.002 0.022 DOWN 
GFP-M1 TRG 1 0.001 0.000 - 0.003 0.000 - 0.006 0.024 DOWN 
GFP-M2 TRG 1 0.259 0.122 - 0.460 0.085 - 0.963 0.052 NO CHANGE 
GFP-M1M2 TRG 1 1 0.417 - 1.618 0.295 - 5.083 0.995 NO CHANGE 
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Figure 4.16: Box and whiskers plot showing expression of GFP-M1, GFP-M2 and GFP-M1M2 
normalised against GFP-WT on SLS +NH4 medium at pH 8.0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17: Box and whiskers plot showing expression of GFP-WT, GFP-M1 and GFP-M2 normalised 
against GFP-M1M2 on SLS +NH4 medium at pH 8.0. 
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 4.3.5.3 Comparison of gfp expression between acidic and alkaline pH on SLS + 
NH4 medium  
To determine if there was any difference in gfp expression on SLS + NH4 medium 
between acidic and alkaline pH, expression data (Cq values) obtained for each clone on SLS 
+ NH4 medium at alkaline pH were normalised against expression data obtained for that 
clone on SLS + NH4 medium at acidic pH. Expression of gfp was down-regulated for all 
clones on SLS + NH4 medium at alkaline pH in comparison to acidic pH (Table 4.22 and 
Figure 4.18). Expression of GFP-WT is down-regulated on SLS + NH4 medium at alkaline 
pH due to negative regulation by PacC since these clones contain the wildtype aflR promoter 
in which no PacC binding sites have been mutated. Expression of GFP-M1, GFP-M2 are 
down-regulated due to PacC binding to site 2 or site 1 (i.e. either of the unmutated PacC 
binding sites) in the aflR promoters of these clones. Expression of GFP-M1M2 is also down-
regulated on SLS + NH4 medium at alkaline pH. This was unexpected since both PacC 
binding sites in the aflR promoter of these clones have been mutated and therefore PacC 
could not possibly negatively regulate expression of GFP-M1M2 at alkaline pH. The simplest 
explanation for this observation is that under excess ammonium conditions, aflR promoter 
activity may be negatively regulated either directly or indirectly by an as yet unknown pH 
dependent mechanism that appears to be independent of PacC.    
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Table 4.22: REST analysis of gfp expression for GFP-WT, GFP-M1, GFP-M2 and 
GFP-M1M2 on Sucrose Low Salts medium supplemented with additional 
ammonium sulphate (SLS + NH4) medium between acidic and alkaline pH. 
 
Gene/ 
Strain Type 
Reaction 
Efficiency Expression Std. Error 95% C.I. 
Probability 
(P) Result 
hisH4 REF 1 1.053 
    cox5 REF 1 0.949 
    GFP-WT TRG 1 0.105 0.024 - 0.310 0.011 - 0.695 0.02 DOWN 
GFP-M1 TRG 1 0 0.000 - 0.001 0.000 - 0.002 0.027 DOWN 
GFP-M2 TRG 1 0.009 0.004 - 0.020 0.003 - 0.034 0.016 DOWN 
GFP-M1M2 TRG 1 0.032 0.013 - 0.080 0.007 - 0.159 0.008 DOWN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18: Box and whiskers plot showing relative expression of GFP-WT, GFP-M1, GFP-M2 and 
GFP-M1M2 on SLS + NH4 medium at pH 8.0 relative to expression on SLS + NH4 medium at acidic pH 
(pH 4.5).  
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4.4 GENERAL DISCUSSION AND CONCLUSIONS 
Previous studies have shown that aflatoxin biosynthesis is stimulated in the presence of 
simple sugars (glucose, sucrose) and organic nitrogen sources (such as ammonium sulphate) 
at acidic pH conditions (Reddy et al, 1971; Buchanan and Stahl, 1984; Cotty 1988; Keller et 
al, 1997; Price et al, 2005). However, aflatoxin biosynthesis is inhibited at alkaline pH, even 
in the presence of aflatoxin conducive carbon and nitrogen sources (Cotty, 1988; Keller et al, 
1997; Price et al, 2005, Suleman, 2007). Keller et al, (1997) hypothesised that negative 
regulation of aflatoxin biosynthesis at alkaline pH may occur through the global pH 
regulatory transcription factor PacC. There are approximately 122 PacC binding sites in the 
aflatoxin biosynthetic cluster of A. flavus that provides some indirect support for the 
hypothesis of Keller et al (1997). Silencing of the pacC gene in A. flavus proved the 
hypothesis that PacC was responsible for negative regulation of aflatoxin biosynthesis 
(Suleman, 2007). Numerous other studies have also shown that PacC (and its homologues) 
are responsible for regulation of toxin biosynthesis in several different organisms (Caracuel et 
al, 2003; Flaherty et al, 2003). The AflR protein is a transcriptional activator which 
stimulates expression of several aflatoxin pathway genes, including aflR itself, leading to 
production of aflatoxins at acidic pH (Chang et al, 1995; Flaherty and Payne, 1997; Chang et 
al, 1999; Ehrlich et al, 1999b; Bhatnagar et al, 2003; Georgianna and Payne, 2009).  
Characterisation of the aflR promoter in A. parasiticus by Ehrlich et al (1999a), indicated the 
presence of a PacC binding site within the promoter. Electrophoretic Mobility Shift Assays 
indicated that mutation of the PacC binding site prevented PacC from binding (Ehrlich et al, 
1999a).  
During this study, RT-qPCR analysis of gfp expression under the control of the wildtype 
and mutated aflR promoters of cultures grown on an aflatoxin inducing carbon source 
(sucrose) at acidic pH indicated that transformants harbouring the aflR promoter in which 
PacC binding site 2 was mutated (GFP-M2 and GFP-M1M2) expressed GFP at significantly 
higher levels when compared to GFP-WT which expressed gfp under the control of the 
wildtype aflR promoter. However, there was no difference in gfp expression between GFP-
WT and GFP-M1. Thus at acidic pH on sucrose medium, increased gfp expression correlated 
to and therefore was dependent on mutation of PacC binding site 2. However, RT-qPCR 
analysis indicated that at acidic pH after growth on an aflatoxin inhibitory carbon source 
(lactose), gfp expression was stimulated when either PacC binding site 1 or binding site 2 
were mutated. A similar trend was observed at acidic pH after growth on Sucrose Low Salts 
medium supplemented with additional ammonium sulphate i.e. gfp expression was stimulated 
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when either PacC binding site 1 or 2 were mutated. However mutation of PacC binding site 2 
resulted in higher gfp expression than when PacC binding site 1 was mutated. Thus, mutation 
of the PacC binding sites within the aflR promoter enhanced aflR promoter activity which 
increased gfp expression at acidic pH.  
These results were unexpected since it is generally accepted that PacC is in the closed 72 
kDa inactive conformation and no negative regulatory activity of PacC has been previously 
shown to occur at acidic pH (Orejas et al, 1995; Penalva and Arst, 2003). Thus, the 
observation that at acidic pH (under various growth conditions) the enhanced gfp expression 
levels of clones in which the PacC binding site/s were mutated (GFP-M1, GFP-M2 and GFP-
M1M2) when compared to gfp expression under the control of the wildtype promoter (GFP-
WT) could be explained if there is some PacC activity i.e. that there is a low concentration of 
either the active 27 kDa or open 52 kDa proteins present at acidic pH. Evidence for the 
presence of the 27 kDa active PacC protein has been reported by Ehrlich et al (2002) who 
showed that PacC was responsible for elevating pksA (aflC) expression at acidic pH in A. 
parasiticus. This supports the hypothesis that some PacC protein is definitely present in the 
27 kDa active form under acidic conditions. It has been reported that conversion of PacC to 
the 27 kDa active form can occur at acidic pH independently of the pal-signalling pathway 
although this occurrence is very rare and at relatively low levels when compared to alkaline 
pH mediated activation of PacC (Mingot et al, 2001; Penalva and Arst, 2004). 
RT-qPCR analysis of gfp expression under the control of the wildtype and mutated aflR 
promoters at alkaline pH after growth on an aflatoxin inducing carbon source (sucrose) 
indicated that transformants harbouring the aflR promoter in which either one or both of the 
PacC binding sites were mutated (GFP-M1, GFP-M2 and GFP-M1M2) expressed GFP at 
significantly higher levels than GFP-WT which expressed gfp under the control of the 
wildtype aflR promoter. Expression levels of GFP-M2 were higher than GFP-M1 expression 
on sucrose media at alkaline pH, which implied that PacC has a higher affinity for PacC 
binding site 2 within the aflR promoter. However, this is incorrect since normalisation of 
GFP-M1 and GFP-M2 against GFP-M1M2 indicated that, on sucrose media at alkaline pH, 
PacC does not bind preferentially to either PacC binding site 1 or 2 within the aflR promoter. 
A similar trend was observed after growth on an aflatoxin inhibitory carbon source 
(lactose) at alkaline pH i.e. transformants harbouring the aflR promoter in which either one or 
both of the PacC binding sites were mutated (GFP-M1, GFP-M2 and GFP-M1M2) expressed 
GFP at significantly higher levels than GFP-WT. Furthermore, expression levels of GFP-M2 
were higher than GFP-M1 expression on lactose media at alkaline pH, which implied that 
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PacC may have a higher affinity for PacC binding site 2 within the aflR promoter. However, 
normalisation of GFP-M1 and GFP-M2 against GFP-M1M2 indicated that, after growth on 
lactose media at alkaline pH, PacC does not bind preferentially to either PacC binding site 1 
or 2 within the aflR promoter.  
In contrast, at alkaline pH after growth on Sucrose Low Salts medium supplemented with 
additional ammonium sulphate i.e. gfp expression was stimulated when PacC binding site 2 
was mutated. Normalisation of GFP-M1, GFP-M2 against GFP-M1M2 indicated that PacC 
most probably has a higher affinity for PacC binding site 2 rather than PacC binding site 1.   
These results suggest that at alkaline pH, PacC negatively regulates aflR promoter activity 
probably by binding to both of its recognition sites within the aflR promoter after growth on 
sucrose or lactose. This could be due to the fact that at alkaline pH, pacC expression is 
upregulated and almost all of the PacC protein exists in the nucleus as the 27 kDa active 
form. Therefore, the concentration of the active PacC protein would be considerably higher at 
alkaline pH than it would be at acidic pH. This may result in saturation of the aflR promoter 
by the PacC protein thus preventing determination of the preferred PacC binding site at 
alkaline pH. Furthermore, at alkaline pH, PacC may negatively regulate expression of both 
aflR and aflS (in the wild-type A. flavus strain) by binding to both PacC binding sites within 
the aflR promoter. Since aflS is required for co-activation of aflR the binding of PacC to both 
recognition sites within the aflR promoter at alkaline pH would ensure that neither aflR nor 
aflS would be expressed. This would result in complete inhibition of aflatoxin biosynthesis. 
In contrast supplementation of Sucrose Low Salts medium with additional ammonium 
sulphate stimulated gfp expression at alkaline pH and resulted in preferential binding of PacC 
to PacC binding site 2 within the aflR promoter. The reason/s for this are unknown but it 
could be due to the stimulatory effect of additional ammonium sulphate on aflR promoter 
activity, although this stimulatory effect was insufficient to completely overcome repression 
of aflR promoter activity by PacC.  
 
4.5 SUMMARY 
Sequence analysis indicated the presence of two PacC binding sites within the aflR 
promoter of A. flavus 3357. For this study, it was hypothesised that PacC negatively regulates 
aflatoxin biosynthesis at alkaline pH by binding to one or both PacC binding sites present 
within the aflR promoter, thus repressing expression of aflR. Inhibition of aflR expression 
would, in turn, result in inhibition of aflatoxin biosynthesis at alkaline pH. In order to 
investigate this hypothesis mutations were first made in the PacC binding site/s within the 
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aflR promoter and the wildtype and mutated promoters were then fused to the gfp gene 
(Chapter 2). These praflR::gfp::trpC constructs were successfully transformed into A. flavus 
3357 and positive transformants were verified by sequencing and restriction analysis of the 
amplified praflR::gfp::trpC constructs (Chapter 2). Furthermore, these transformants were 
verified to produce GFP via fluorescence microscopy that was then quantified by 
spectrofluorometry (Chapter 2). Quantification of GFP protein levels by spectrofluorimetry 
indicated that PacC negatively regulated aflR promoter activity at alkaline pH. RT-qPCR was 
used in order to accurately quantify the levels of PacC inhibition of the aflR promoter and to 
determine whether PacC binds preferentially to one or both recognition sites within the aflR 
promoter (Chapter 4).  
In conclusion, it appears that PacC binds non-preferentially to both recognition sites 
within the aflR promoter in the presence of sucrose and lactose at alkaline pH, although 
mutation of PacC binding site 2 results in a slightly higher expression than mutation of PacC 
binding site 1. Although an increase in the concentration of an aflatoxin conducive nitrogen 
source stimulated aflR promoter activity it was not sufficient to overcome negative regulation 
by PacC. Furthermore, the results of this study indicated that there may be some PacC protein 
present in the active or open forms at acidic pH irrespective of the carbon source or nitrogen 
source used in the growth medium. RT-qPCR analysis indicated that any active PacC present 
at acidic pH could cause repression of the aflR promoter based on the position of the PacC 
binding site relative to the aflR start codon, although it appears that PacC has a higher affinity 
for PacC binding site 2 (which is closer to the aflR start codon).  
It is generally known that repression of aflR expression results in repression of aflatoxin 
biosynthesis irrespective of pH. The results of this study strongly suggest that PacC 
negatively regulates aflR promoter activity at alkaline pH by binding to one or both PacC 
recognition sites within the the aflR promoter. Since aflR promoter activity is repressed by 
PacC at alkaline pH, this proves the hypothesis that PacC represses aflatoxin biosynthesis by 
inhibiting expression of aflR. However, since there are approximately 122 PacC binding sites 
within the aflatoxin biosynthesis cluster, repression could also occur via PacC binding to any 
one (or more) of the other sites in the cluster.  
In order to further investigate regulation of aflR promoter activity by PacC, similar 
studies may be performed using strains which harbour various PacC mutations that result 
either in acidic, neutral or alkaline pH mimicry (Penalva and Arst, 2003). Future studies 
should investigate the effects of the mutated PacC binding sites on the expression of aflS, 
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which is divergently transcribed from the same promoter as aflR and may be a co-activator of 
AflR and thus aflatoxin biosynthesis (Meyers et al, 1998).   
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APPENDIX A 
 
MEDIA AND REAGENTS 
 
Aspergillus nidulans Defined Media 
 
20X Minimal Nitrate Salts 
 
NaNO3          120g 
KCl          10.4g 
MgSO4.7H2O         10.4g 
KH2PO4         30.4g 
ddH2O to 1 litre, store at room temperature 
For minimal ammonium medium, substitute 74.5g of NH4Cl for NaNO3 
 
Trace Elements: 
 
ZnSO4.7H2O         2.2g 
H3BO3 (Boric Acid)        1.1g 
MnCl2.4H2O         0.5g 
FeSO4.7H2O         0.5g 
CoCl2.5H2O         0.16g 
CuSO4.5H2O         0.16g 
(NH4)6Mo7O24.4H2O       0.11g 
Na4EDTA (C10H12N2O8Na4.2H2O)      5.0g 
Or 
Na2EDTA         4.5g 
 
Add the solids in order to 80ml of ddH2O, dissolving each completely before adding the next. 
Heat the solution to boiling, cool to 60°C, adjust the pH to 6.5-6.8 with KOH pellets. Cool to 
room temperature and adjust volume to 100ml with ddH2O. 
 
Glucose Minimal Medium + Arg + Uridine + Uracil (pH 4.0): 
 
20x Salt solution        50ml/l 
Trace Elements (shake before using)      1ml 
D-glucose         10g 
L-Arginine         1.0g 
Uridine         1.26g 
Uracil          0.56g 
Agar          15g 
Adjust pH to 4.5 with Citric acid (100 mM) 
ddH2O to 1 litre 
autoclave for 15 mins at 121°C 
 
To prepare GMM at pH 8.0 adjust to pH 8.0 with Tris.HCl (100mM). 
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  2% Yeast Extract Sucrose (YES) – 500ml, pH 4.5 
Yeast Extract 10.0g 
Sucrose 25.0g 
Citric acid (100mM) Xml 
ddH2O (adjust to) 500ml 
 
2% Yeast Extract Lactose (YEL) – 500ml (pH 4.5) 
Yeast Extract 10.0g 
Lactose 25.0g 
Tris Base (100mM) Xml 
ddH2O (adjust to) 500ml 
adjust to pH 8.0 with Tris.HCl (pH 8.0) 
Sucrose Low Salts (SLS) – 100ml, pH 4.5 
Sucrose 8.5g 
Asparagine 1.0g 
20x (NH4)2 Salts 5.0ml 
Citric acid (100mM) 10ml 
ddH2O (adjust to) 48.5ml 
 
 
Sucrose Low Salts (SLS) – 100ml, pH 8.0 
Sucrose 8.5g 
Asparagine 1.0g 
20x (NH4)2 Salts 5.0ml 
Tris (100mM) 10ml 
ddH2O (adjust to) 48.5ml
SLS + NaNO3 – 100ml, pH 4.5 
Sucrose 8.5g 
Asparagine 1.0g 
20x (NaNO3) Salts 5.0ml 
NaNO3 [117.66mM] 1.0 
Citric acid (100mM) 10ml 
ddH2O (adjust to) 48.5ml 
 
 
SLS + NaNO3 – 100ml, pH 8.0 
Sucrose 8.5g 
Asparagine 1.0g 
20x (NaNO3)2 Salts 5.0ml 
NaNO3 [117.66mM] 1.0 
Tris (100mM)  10ml 
ddH2O (adjust to) 48.5ml
SLS + (NH4)2SO4 – 100ml, pH 4.5 
Sucrose 8.5g 
Asparagine 1.0g 
20x (NH4)2 Salts 5.0ml 
(NH4)2SO4 0.777g 
Citric acid (100mM) 10ml 
ddH2O (adjust to) 48.5ml 
 
SLS + (NH4)2SO4 – 100ml, pH 8.0 
Sucrose 8.5g 
Asparagine 1.0g 
20x (NH4)2 Salts 5.0ml 
(NH4)2SO4 0.777g 
Tris (100mM) 10ml 
ddH2O (adjust to) 48.5ml 
LLS  – 100ml, pH 4.5 
Lactose 8.5g 
Asparagine 1.0g 
20x (NH4)2 Salts 5.0ml 
(NH4)2SO4 0.777g 
Citric acid (100mM) 10ml 
ddH2O (adjust to) 48.5ml 
 
LLS – 100ml, pH 8.0 
Lactose 8.5g 
Asparagine 1.0g 
20x (NH4)2 Salts 5.0ml 
(NH4)2SO4 0.777g 
Tris (100mM) 10ml 
ddH2O (adjust to) 48.5ml 
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LETS Buffer (for DNA Isolation:  
 
0.1M LiCl 
20mM EDTA (pH 8.0) 
10mM Tris-HCl (pH 8.0) 
0.5% SDS 
 
Reagents for generation of Protoplasts 
 
Mycelium Wash Solution 
MgSO4 147.9g 
ddH2O 1l 
 
Osmotic Medium 
MgSO4 147.9g 
10mM Sodium Phosphate buffer  
(Can be made from a 2M NaPB stock, which has 90.9g Na2HPO4 and 163.4g NaH2PO4 per 
liter) 
Adjust to pH 5.8 with 1M Na2HPO4 
ddH2O  500ml 
 
Trapping Buffer 
Sorbitol (0.6M) 109.3g 
Tris-HCl, pH 7.0 0.1M 
ddH20  to 1l 
 
STC Buffer 
Sorbitol (1.2M) 218.6g 
CaCl2 (10mM) 1.11g 
Tris-HCl, pH 7.5 10mM  
ddH20  to 1l 
 
PEG Solution 
PEG4000 60% 
CaCl2 (50mM) 2.35g 
Tris-HCl, pH 7.5 50mM  
ddH20  to 1l 
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APPENDIX B 
 
OPTIMIZATION OF FACTORS AFFECTING RT-qPCR 
 
Annealing temperature optimisation of GFP and Cytox primers 
 
 
 
 
 
 
 
 
 
 
 
(A)             (B) 
 
Figure B1: (A) qPCR amplification plot after annealing temperature (Ta) optimization of GFP primers. 
(B). Melt-Curve analysis after qPCR showing single amplification products thus confirming specificity of 
primers and lack of primer-dimers.  
The optimum Ta for the qPCR using the GFP primers is 54.6°C which results in a Threshold cycle (Cq) of 9.9. 
1ng of plasmid DNA from the GFP expression plasmid (pPRgf-T4) was used as the template for qPCR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A)             (B) 
 
Figure B2: (A) qPCR amplification plot after annealing temperature (Ta) optimization of Cytox 
primers. (B). Melt-Curve analysis after qPCR showing formation of primer dimers at sub-optimal 
annealing temperatures.  
The optimum Ta for the qPCR using the Cytox primers is 52.4°C which results in a Threshold cycle (Cq) of 
25.1. cDNA (1ng) generated from GFP-WT (clone 6) was used as the template for qPCR. 
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RT-qPCR Amplification plots and Melt-curves for validation of reference genes 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A)             (B) 
 
 
Figure B3: (A) qPCR amplification plot showing expression of Histone H4 on all media (i.e. SLS, SLS + 
NH4, LLS) at acidic (pH 4.5) and alkaline pH (pH 8.0). (B). Melt-Curve analysis after qPCR showing 
formation of a single amplification product during qPCR cycling.  
 
 
 
 
 
 
 
 
 
 
 
 
 
(A)             (B) 
 
Figure B4: (A) qPCR amplification plot showing expression of Cytox on all media (i.e. SLS, SLS + NH4, 
LLS) at acidic (pH 4.5) and alkaline pH (pH 8.0). (B). Melt-Curve analysis after qPCR showing formation 
of a single amplification product during qPCR cycling.  
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APPENDIX C 
 
RT-qPCR AMPLIFICATION PLOTS AND MELT-CURVES OF pH, CARBON AND 
NITROGEN REGULATION OF THE aflR PROMOTER  
 
RT-qPCR amplification plots and corresponding Melt-Curves of all gfp producing 
strains on Sucrose Low Salts medium at acidic and alkaline pH 
 
 
 
 
 
 
 
 
 
 
 
 
(A)             (B) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(C)             (D) 
 
Figure C1: (A) qPCR amplification plot showing expression of gfp under the control of the wildtype and 
mutated aflR promoters on SLS media at acidic (pH 4.5) and (B) at alkaline pH (pH 8.0). Melt-Curves 
after RT-qPCR of gfp expression on SLS media are shown for (C) acidic pH and (D) alkaline pH.  
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RT-qPCR amplification plots and corresponding Melt-Curves of all gfp producing 
strains on Lactose Low Salts medium at acidic and alkaline pH 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A)             (B) 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
(C)             (D) 
 
Figure C2: (A) qPCR amplification plot showing expression of gfp under the control of the wildtype and 
mutated aflR promoters on LLS media at acidic (pH 4.5) and (B) at alkaline pH (pH 8.0). Melt-Curves 
after RT-qPCR of gfp expression on LLS media are shown for (C) acidic pH and (D) alkaline pH.  
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RT-qPCR amplification plots and corresponding Melt-Curves of all gfp producing 
strains on Sucrose Low Salts medium supplemented with additional ammonium 
sulphate at acidic and alkaline pH 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A)             (B) 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
(C)             (D) 
 
Figure C3: (A) qPCR amplification plot showing expression of gfp under the control of the wildtype and 
mutated aflR promoters on SLS + NH4 media at acidic (pH 4.5) and (B) at alkaline pH (pH 8.0). Melt-
Curves after RT-qPCR of gfp expression on SLS + NH4 media are shown for (C) acidic pH and (D) 
alkaline pH.  
 
 
 
